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STELLINGUN

1. Do mtdrukkingen voor do masbdstroom on do energiestroom door hot: ijri-i.oV 1 -ik

van superflulde helium on zijn damp, /.oals doze door Wiochert aan Bergman

worden toogeschreven, verschillon van do door Bergman /.olf geqeven, fouticv

in tdrukkinqen.

H. Wiechert, J. Pliys. C. J (l')76) r:.53.

D.J. Bergman, in Physical Acoustics, eds. Warren P. Mason and

N. Thurstan, (Academic Press, New York, 1975) Vol.XI, Chap. 1 .

.'.. Voor eon good bogrip van do kernspindi £fu;;io in kopei. -Tut ton- /outon is hot

van belang dv. protonspin-roosterrelaxatietijd als rime-tie van do koper-

concentratio to onderzoekon.

Dit proetschrift, lioofdstuk 4.

3. Do stabiliteit van goede conventionele op woerstandsiietweiken bcrui.t cmle

potentiometers is vergelijkbaar met die van modorne op inductionotwerken

borustende gelijkstroom- of wisselstroompotentiometcra.

4. Het verschil in de waarde van hot magnetische moment van Mn opcjelost m Pd,

zoals bepaald door De Pater, Van Dijk en Nieuwenhuys cncrzijds on C'al̂ lo on

David anderzi]ds, wordt door de laatf;ten ten onreclite tuogeschi even aan

kritisciie vcrschi]nselen.

C.J. de Pater, C. van Dijk en G.J. Nieuwenhuys, J. Phys. Fb (\'jl<j) LOii.

J.W. Cable en L. David, Phys. Rev. B16 (1977) 2y7.

rj. Voor een beter begrip van liet relaxati omechanismo in Ir'fNH,) |\'(S0 J^dll 0

(GVSH) verdient het aanbeveling oin de f recjuentieafhaiikeli jkhei d van \IH,T)

nader te onderzoeken.

J.J. Smit, L.J. de Jongh, D. de Klerk, R.L. Car Lin en C.J. O'Connor,

Physica 86-88B (1977) 1147.

(>. Het is aanneraelijk dat de symmetric van het krislalveld, ondorvonden door

Cu -ionen in koper-Tutton-zout, lager is dan orthorombisch.

B. Bleaney, K.D. Bowers en U.J.E. Ingram, Proc. Roy. Soc. 228 (195rO

A147.
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7. Hot IM van belang de berekeningen van Mehran aan oen model van een

parallol-arn in de "microstrip" transmissi,. li jn uit te breiden naar

een praktisch substraatmateriaal dat een relatieve diëlectrische constants

van ongeveer 10 heeft.

R. Mehran, Archiv für Elektronische Übertragungstechnik, Band 30

(1976), Heft 2, 80.

8. De door Turrell en Vue gegeven verklaring voor de waargenomen verhoging

van de overgangsternperatuur van de ferromagneot (NH ) CuBr ,^H,0 door

deuterering, is onjuist.

B.G. Turrell en C L . Yue, Can. J. Pliys., 47 (I960) 2575.

J.-P. Renard en E. Velu, J. de Physique, i'J (1971) Cl-1154.

9. Uit metingen van de relaxatietijd van het kernspindipool-dipoolsysteera

kan de correlatietijd x _ verkregen worden, die gebruikt wordt bij de

verklaring van de voor dit proefschrift gemeten kernspin-roosterrelaxatie-

tijden.

10. Het theoretische model dat Wittekoek voorstelt ter verklaring van zijn

metingen aan de kernspinresonantielijnbreedte in CuSO .5H O, is ten dele

in strijd met recente experimentele resultaten voor de kernspin-rooster-

relaxatie.

S. Wittekoek, Proefschrift Leiden 1967.

11. De relatieve toename van het aantal mogelijkheden voor vrijstelling van

militaire dienstplicht betekent in toenemende mate een verzwaring van de

gevolgen die deze plicht voor niet-vrijgestelden met zich meebrengt.

Tweede Kamer, zitting 1978-1979, 15300 hoofdstuk X, nr.7.

J. van Houten Leiden, 6 juni 1979.
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CHAPTER 1

INTRODUCTION AND SURVEY

In the last decennium, a great number of investigations

has been performed in order to study the nuclear spin-lattice

relaxation mechanism in diluted paramagnetic crystals.

The theoretical woik on this subject has led to the development

of a thermodynamic model of such samples . This model uses

so-called spin systems, characterized by the criterion that

the processes leading to internal equilibrium of such a system,

are much more rapid than processes disturbing this equilibrium.

Such a spin system can be considered as a reservoir of the

energy related to a certain interaction of certain spins in

the sample (see e.g. ref.2).

Exchange of energy between the spin systems can occur via

so-called thermal contacts. These thermal contacts are provided

by coupling processes, mostly involving simultaneous transitions

of like or unlike spins between different energy states, by

which magnetic energy is transferred from one spin system to

another. Magnetic energy can also be transferred in vibrational

energy of the crystal lattice. In the thermodynamic model,

the lattice is considered as an energy reservoir with infinite

heat capacity.

All experiments described in this thesis were performed

on single crystals of diluted copper-caesium Tutton salts,

containing various amounts of D_0 in the waters of hydration.

For diluteU copper Tutton salts, the results of many experi-

ments, like dynamic nuclear polarization, ENDOR, electronic

and nuclear relaxation, provided the data, on the basis of

which a thermodynamic model for these samples was con-
11 2 4-

structed . Crystals of copper Tutton salts contain Cu ions,

exhibiting an electron spin and a nuclear spin.

11



Because the Cu ions occupy two magnetically different lattice

sites in the crystal, one generally observes two sets of copper

EPR lines in the spectrum. These two sets each consist of four

lines owing to the hyperfine interaction between the electron

spin and the nuclear spin of the copper ion . We now can

divide the electron spins into eight groups, according to their

resonance frequencies. This leads to the introduction if eight

electron Zeeman systems in the thermodynamic model of this

Tutton salt. All the dipolar interactions between the electron

spins are represented by a separate spin system: the electron

dipole-dipole interaction system (EDDS). Exchange of energy

between the EDDS and the electron Zeeman systems is provided

by the so-called cross-relaxation process where two electron

spins, belonging *:o different EPR lines, make a flip-flop

transition.

Aside from the copper nuclear spins, the crystal contains

various species of other nuclear spins, namely proton and

deuteron spins in the waters of hydration and caesium nuclear

spins, represented by their nuclear Zeeman systems. An impor-

tant feature of the thermodynamic model is the thermal contact

between the nuclear Zeeman systems and the EDDS ' ' .

The study of this thermal contact was the main object of the

investigation described in this thesis.

Proton spin-lattice relaxation measurements of Van den

Heuvel et al. , could clearly be explained with the help of

the above-sketched model. For field values in the region where

the measurements described in the following chapters were

performed, the nuclear relaxation path was supposed to be as

follows. There is a strong thermal contact between the nuclear

Zeeman system and the EDDS; cross-relaxation then transfers

the dipolar energy into electron Zeeman energy; and finally

the electron spin-lattice relaxation transfers the latter

energy to the lattice. Van den Heuvel's experimental results

in this field region, were in good agreement with the results

of a theory, based on the existence of a bottleneck in the

proton relaxation path. This bottleneck results from the small

heat capacity of the EDDS and the assumption that the thermal

12



contact between the proton Zeeman system and the EDDS is fast

with respect to the cross-relaxation. We will show in the

following study, that in our situation this assumption does

not hold in general.

The experiments of Van den Heuvel were carried out in

non-deuterated samples of copper caesium Tutton salt. By taking

largely deuterated samples instead, the heat capacity of the

proton Zeeman system is changed to a large extent. Therefore

important changes of the proton spin-lattice relaxation be-

haviour are to be expected. In order to study the effect of

such a deuteration, we performed relaxation measurements in

samples with different deuteration percentages.

The most important feature of our results is a strong

angular dependence of the proton spin-lattice relaxation time,

T. , on the orientation of the magnetic field with respect to

the crystalline axes, especially in the vicinity of the K^ and

K^ axes.

Such a strong dependence of the nuclear relaxation time

on the crystal orientation has been observed earlier in other

crystals. In lanthanum magnesium nitrate doped with Nd3 ,

for example, such effects in the proton relaxation were found

by Abragam et al. , Leifson et al. and Swanenburg et al. .

Similar effects were also observed in the relaxation of 27A1

in ruby by Atsarkin et al.

The strong angular dependence of T, in our samples,

will be explained by assuming that the proton relaxation path

is the same as described by Van den Heuvel. It is proved,

however, that under most experimental conditions we applied,

not the cross-relaxation is the bottleneck in the relaxation

path, but the thermal contact between the proton Zeeman system

and the EDDS. Hence our proton spin-lattice relaxation measure-

ments enable us to determine the time constant of this thermal

contact.

The microscopic coupling process which provides this

thermal contact, is a simultaneous transition of two electron

spins and one proton spin (the so-called three-spin transition),

which transfers proton Zeeman energy into electron spin dipolar



energy. This process can also transfer proton Zeeman energy

into electron hyperfine energy directly., The part of the three-

spin transition probability which describes the latter energy

transfer, contributes however only at well defined angles "'

between the magnetic field and the crystalline axes, where

the frequency difference between two EPR lines in the spectrum

equals the proton resonance frequency. Therefore we called it

the "resonant" part of the process. A description and calcula-

tion of the three-spin process is given in chapter 3. The exper-

imental results of the proton spin-lattice relaxation measure-

ments are given in the chapters 2 and 4. -

Assumption of coupling processes between the Zeeman systems

l of the other nuclear spins (deuterium and caesium nuclei),

••' similar to the proton three-spin process, can explain the

j results of so-called nuclear-nuclear double resonance measure-
1 ments. In these double resonance experiments, we saturate the

1 i resonance signal of deuterium or caesium spins and observe the ' ;

effect on the proton resonance signal. The resulrs are given : !

\. in chapter 5.

The observed strong angular dependence of the proton

relaxation, clearly illustrated in the next chapter, will be

used as a "tool" for the investigation of other phenomena (as

e.g. the bottleneck in the relaxation path in a non-deuterated

sample), in chapter 4 and 5.

The major part of the experimental and theoretical work,

discussed in this thesis, has already been published '
2 4)

or will be submitted for publication . Moreover, two short
papers were presented at the AMPERE congresses XIX (Heidelberg,

1976) and XX (Tallinn, 1978).

14
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CHAPTER 2

PROTON SPIN-LATTICE RELAXATION

IN DEUTERATED DILUTED COPPER TUTTON SALT

2.1. Introduction.

The mechanism of the spin-lattice relaxation of nuclear

magnetic energy in deuterated diluted copper Tutton salts/

was investigated by performing proton spin-lattice relaxation

measurements. The behaviour of the proton spin-lattice relaxa-

tion time constant, T, , was measured as a function of field,

temperature, field direction and deuteration percentage. '

In this chapter, the results are presented of the sample with

the largest deuteration of 94%. The results of samples with '••

other percentages are given in chapter 4.

In chapter 1, we referred to measurements of Van den

Heuvel , en non-deuterated samples of copper caesium Tutton

salt. His measurements were performed in the magnetic K,-Kp

plane of the crystals, where the two different lattice sites

for the Cu ions are equivalent. This results in an EPR

spectrum consisting of four lines in total, owing to the

hyperfine interaction between the electron spin S='/2 and

the nuclear spin I = 3/2 of the copper ion.

For our measurements, the situation was different,

because the field direction was chosen in the K.-K., plane
2 +

of the crystal. As mentioned in chapter 1, the two Cu ion

lattice sites are non-equivalent in this plane, thus yielding

two sets of four hyperfine lines, that are crossing each other

at the K. and K~ axes. We found experimentally a strong depen-

dence of T. on the angle between the field direction and the

K. axis, in the K.-K- plane. This angular dependence of T.

appears to be closely related to the crossings of EPR lines, *

as will be shown in section 2.3. Much attention will be paid

17



•uo this angular dependence, because it provides us with a tool

for the determination of the relaxation mechanism, as will be

done in chapter 3.

Firstly, in the following section, a brief description ''•• '

is given of the experimental equipment used for registration

of the relaxation curves.

2.2. Experimental methods.

2.2.1 . PMR apparatus.

A saturation-recovery method was used because of the

relatively long nuclear spin-lattice relaxation times. In this "*

method the NMR signal is first saturated by irradiation of the

sample with a strong, resonant r.f. field. Afterwards the NMR ' '

signal is observed with a Q-meter system, using phase-sensitive j

detection and field modulation. A block diagram of the spectro- i

meter is shown in fig.2.1. i
' j

The r.f. voltage, which is supplied by a crystal-stabilized I

signal generator (G), is coupled to the resonance circuit via : ,

a large impedance in order to obtain a constant-current genera-

tor. A saturating r.f. voltage is available at the output of ,'

the power amplifier (PA). By setting the switches S and S2 in

position a, the PA is connected to the resonance circuit, and

the NMR signal is completely saturated. The receiver is dis-

connected in this situation. If the switches are set in position

b, the resonance circuit voltage is small enough to avoid

saturation during the registration of the recovering NMR signal.

This implies in our experimental situation that we have to deal

with circuit voltages of about 1 mV, so sufficient amplification

(LNA) is necessary for a linear behaviour of the r.f. detector

(D). Finally, the modulation frequency component in the signal

is detected phase-sensitively, by the lock-in amplifier (LIA).

This apparatus enables us to observe relaxation signals

with characteristic times of about 1 second and longer.

Measurements can be performed at liquid helium temperatures and

in a field range from 5 to 15 kOe without changing the position

of the sample in the cryostat.

18



[saturation
•J time
adjustment

Fig.2.1. Block diagram

of the DUE apparatus.

mod coil

2.2.2. Crystal preparation.

The measurements were performed in a single crystal of

largely deuterated zinc caesium Tutton salt, in which a small
2 +

number of Cu ions occupy zinc sites The chemical formula is

(Cux,Zn1_x)Cs2 (S04)2-6(H ,D1_y)20.

Crystals of this kind are grown by slow evaporation of an

aqueous solution of very pure chemicals. The magnetic dilution

x=0.0044, was measured photo-spectrometrically. The proton

concentration y=0.064, was determined from intensity measure-

ments of the proton resonance line, comparing the signals of

three crystals with different proton concentrations.

19



2.3. Experimental results.

2.S.I, Survey of the angular dependence of T, .

v,•- ' The results of our proton spin-lattice relaxation measure-

>'' ments can be divided into two groups: determination of the

angular dependence and determination of the field" and temperature

dependence. First, we will describe the results with regard to

the angular dependence, i.e. the dependence of the proton spin-

lattice relaxation time T. , on the angle $, between the magnetic

field H. and the magnetic K. axis of the crystal, in the K.-K3

plane. A survey of those measurements is given in table 2.1,

which refers to the figs.2.2 - 2.7 in this section. All these

| measurements were performed at the same temperature 1.3 K, and

•} the angle $ was varied in steps of 0.2° between most of the
I o
j measuring points. The measuring inaccuracy in i> amounts to 0.05 .

i ,

Ho
(kOe)

5.73

6.76

8.01

9.52

11.28

-1

+88

-6

+ 83

-0

+89

-60

-4

+85

(degrees)

.5

.5

.5

-»• + 2

-> +91.

•* +6

-> +97

-+ +1

•* +90.

•* +120

+ +4

+ +95

5

; - 4 •>

; +86.5 ->

5

(survey)

; - 2 •>

; +88 ->

+ 4

+93.5

+ 2

+92

Axis

Kl
K3

Kl

Kl

K3

KrK3
Kl
K3

Figure

2

2

2

2

2

2

2

2

2

• 7a

.7b

.5;

.6;

.7a

.7b

.2

.3;

.4;

2.

2.

2.

2.

7a

7b

7a

7b

Table 2.1. Survey of the angular dependence measurements of the

proton spin-lattice relaxation time, at the various applied

fields. The K- axis was chosen to be at 0 , so the K, axis will
l

be found at 90 .

20
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A general impression of the observed phenomena can be

obtained from fig.2.2. In the upper part of this figure the

rotational diagram of the proton spin-lattice relaxation time

T. is plotted. It was measured at a static magnetic field H

of 11.28 kOe. The lower part of fig.2.2 shows the rotational

diagram of the EPR spectrum at the same field.

Originally, the resonant fields were measured at fixed

frequencies of 9.32 and 24.0 GHz, respectively, in the same

sample and under the same circumstances as the proton relaxation

s
400

300

200

T -P

100

-

- 1 *,
r i . ° ° ; ? - .

r ..'-..••' 1 / "•-•-

:

-

i 
i

! 
1

1

-

40
GHz

38

36

34

32

-60" -30 30' 60' 90 = 120"

Fig. 2. 2. Upper part: survey of the proton spin-lattice relax-

ation time (T. ) measurements at 1.3 K. The magnetic field B 3

of 11.28 kOe was directed in the K^-K^ plane of the crystal.

Lower part: rotational diagram of the EPR frequencies, v , in

£^e same field and in the same plane.

H. and the }'.. axis of the crystal.

is the angle between

21



time. The original diagram at 9.32 GHz was transformed to a

diagram giving the resonance frequencies v at a fixed field of

11.28 kOe, to obtain the lower part of fig.2.2. For the trans-

formation, we used the approximated spin hamiltonian of Bleaney

et al.2):

where

g = the electron spin g-value

Pn = the Bohr magneton, and
o -»

A = the hyperfine splitting.

Our calculations were checked with the diagram measured at

24.0 GHz.

The features in the plot of T as a function of $, are:

(1) an overall decrease of the proton relaxation time near the

K and K-. axes, and in the same areas: (2) the appearance of

several sharp maxima and minima within very small angular

distances. Making a rough comparison of the upper and lower '•

part of fig.2.2, one notices the coincidence of the effects in

T with the crossings of EPR lines near the K and K_ axes.

Except near the axes, there are other values of $ where similar

effects appear. However, these were not studied in greater

detail.

2.3.2. Detailed angular dependence of T. .

A more detailed reproduction of the situation near the

axes can be found in the figs.2.3 and 2.4, which show the

results of measurements in the vicinity of the K and K, axis,

respectively, to an extended angular scale.

Comparing the upper and lower part of the figs.2.3 and

2.4, one sees that sharp maxima in the proton relaxation time

appear exactly at the angles where EPR lines cross each other,

while a sharp minimum appears at either side of such a maximum

value. It can further be noticed, that the intensity of a dip

in the relaxation is accordingly larger as more pairs of EPR

lines cross at the position of that dip. "~

22
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36 5

360

• x

/ / ' *

. 1 1 1 I 1

y

' -«\

X.

•

X

i , , , , 1 i

Fig.2.3. Upper part: the proton spin-lattice relaxation time

T. versus the angle $ between R- and the K^ axis, in the

K--K? plane. H =11.28 kOe, TT=1.3 K.
JL o U Li

Lower part: rotational diagram of the EPR frequencies v .

For the sake of completeness/ it should be mentioned that

the value of T1 exactly in the peaks is rather difficult to

determine because near these peaks the relaxation no longer

decays exponentially. In all our measurements/ however, the

tail of the relaxation curve was fitted to an exponential in

order to obtain the time constants presented in figs.2.2-2.8.

Moreover, the angular dependence in the peaks and the dips is

so very strong that the measuring accuracy in T ($) is

completely determined by the precision by which the field can

be orientated with respect to the crystal, i.e. by the measuring

23



350 -

85

Fig. 2. 4. Upper part: the proton spin-lattice relaxation time
T versus the angle $ between H and the K^ axis, in theTlp
K1-Ks plane. HQ=11.28 k9e, TL=1.S K.

Lower part: rotational diagram of the EPR frequencies v

accuracy in the angle $. Apart from deviations in $, the inac-

curacy in the T. measurements is about 10%.

In order to find an explanation for the observed effects,

similar measurements have been performed at other fields. An

equally detailed angular dependence of T in the vicinity of

the K1 and K3 axes was measured at a much weaker field of

6.76 kOe. The results are reproduced in figs.2.5 and 2.6. The

overall behaviour of T as a function of $, is the same as in

the case of 11.28 kOe (figs.2.3 and 2.4). Again there are

maxima in T. at those angles where the EPR lines cross each
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-5 5°

Fig.2.5. Upper part: the proton spin-lattice relaxation time

Tj versus the angle $ between ~H. and the #7 axis, in the

plane. HQ=6.?6 kOe, K.

Lower part: rotational diagram of the EPR frequencies v .

other, and sharp minima at both sides of these maxima. If one

compares the proton relaxation diagrams at 11.28 and 6.76 kOe

more closely, however, it turns out that the angular distance

between the two minima at both sides of a maximum in T, is
lp

equal within the measuring accuracy in these two fields (figs.

2.3, 2.4 and 2.5, 2.6). A determination of this minimum -

maximum-minimum angular distance at other fields yielded the

same result. This is shown in figs.2.7a and 2.7b, where the

angular dependence of the proton relaxation time is plotted

for several fields in the close vicinity of the axes.
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Fig.2.6. Upper part: the proton spin-lattiae relaxation time

T* versus the angle $ between Hn and the K. axis, in the

'K*-K, plane. H=6.76 kOe, TT=1.3 X.

Lower' part; rotational diagram of the EPR frequencies v .
e

2.3.3. Relation between the proton spin-lattiae relaxation

time and the EPR spectrum.

In order to find an explanation for the observed minima

in the proton relaxation time, it appears useful to make an

accurate comparison of the T behaviour with the EPR spectrum,

both as a function of the angle $. Let us therefore consider

for instance fig.2.3 (11.28 kOe, 1.3 K, K axis) in more

detail.

26



T. =1 3 K

s

200

100

50

25

150
s

100

50

25

T " T 1
-113 kO
• 801 kOej
• 676 kOe.
• 573kOe-

<J> - 3 ° - 2 -1

1 -113 kOe
„ - 952 kOe

Y~ • 676 kOe
• 573 kOe

87° 88° 89° 90° 91° 92° 93<

Fig.2.7. Comparison of the rotational diagrams of the proton

spin-lattice relaxation time T- at four different fields,

(a): in the vicinity of the K. axis and

(b): in the vicinity of the K7 axis.
o

First there is the already mentioned coincidence of the

maxima in the proton relaxation time, and the crossings of EPR

lines. Moreover, it can be noticed that the minima in T
IP

correspond to a frequency difference, between two nearest
neighbour EPR lines, of about 49 MHz. This equals, within



measuring accuracy, the proton resonance frequency v of

48.0 MHz at the applied field of 11.28 kOe. In the case of

6.76 kOe (fig.2.5; K axis), a frequency difference between two

nearest neighbour EPR lines of about 32 MHz can be determined

at the positions of the minima, while at this field the proton

frequency amounts to 28.8 MHz.

A precise determination of the frequency difference

between neighbouring EPR lines at the minima of l̂  was obtained

as follows. First the angular distance A*min between the minima

adjacent to the central maximum was determined for each of the

two axes and each field. The average distance between the

maximum and an adjacent minimum will then be min" Finally,

the frequency difference Av was obtained from the splitting

of two EPR lines, at the angle of h^min, from their crossing

point.

Table 2.II shows a survey of all the measurements con-

cerning the distance between the minima and comparison with the

corresponding EPR diagrams. It suggests that Av equals v at

Table 2.II. Survey of the determination of the EPR frequency

difference Av , corresponding with %A$ . 3 as explained in the

text, v is the proton resonance frequency at the applied field.

Ho
(kOe)

5.73

6.76

8.01

9.52

11.28

K1 axis

A*min
(degrees)

0.55+0.05

0.60±0.05

0.55+0.05

0.55±0.05

Ave
(MHz)

26±2

34 + 3

37±3

50 + 5

K, axis

A*min
(degrees)

0.50+0.05

0.45+0.05

0.45+0.05

0.45±0.05

Ave
(MHz)

24 + 2

26 + 3

36 + 4

43±5

(MHz)

24.4

28.8

34.1

40.5

48.0
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the positions of the minima in T . Moreover, there is the

observed fact that the maxima coincide with EPR line crossings

(where Av =A ). With these two data, the field dependence of
6 2 2

A$ . and of the angular distance between the maxima in T.

can easily be predicted in first order approximation.

We restrict ourselves to the angular areas around the axes

where crossings of EPR lines occur. The two different sets of

four EPR lines that are crossing each other at the K and K,

axes are characterized by two g-values: g , and g 0. For the
e, j. e , ̂

frequency distance Av between two diverging EPR lines at A*

degrees next to their crossing at <!>., a simple first order

Taylor expansion can then be derived from the hamiltonian,

eq.(2.1):

Av {$ +A*)= (2.2)

In first order approximation the second term in expression (2.2) v--

may be neglected, bscause at fields greater than 5.5 kOe it

contributes less than 5% of the first term. So we obtain:

We

Av (ft.+A*) <* A<£ H,, . o r>\
e l 0 i Z i J '

assumed the minima in T. to appear at angles $ ±A*, where

Av equals the proton resonance frequency v . Because v is

proportional to the field, the angular distances between an EPR

crossing at <$> and the adjacent minima in T. at <J> ±A$ will be

independent of the field. In a similar way it can be shown

from eq.(2.3) that the maxima in T. - which coincide with EPR

crossings where Av = A, - will be found at angular distances
Q it it

that are inversely proportional to the field. This describes

precisely the field dependence of the positions of the maxima

and minima in T. which we observe.
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2.3.4. Field and temperature dependence of T. .

Aside from the angular dependence of the proton spin-

lattice relaxation time, the field and temperature dependence

also have been investigated. This was performed as follows.

At four fields, namely 13.72, 11.28, 6.76 and 5.73 kOe,

a small part of the rotational diagram, close by the two axes,

was measured for two temperatures 4.3 and 1.3 K. In this way,

a comparison could be made of the field and temperature depen-

dence of T1 , in the maxima, the minima and the about flat

parts next to the minima. The dependences appeared to be similar

in these parts of the rotational diagram, within our measuring

accuracy.

In order to obtain the most accurate results, the proton

relaxation time values in each flat part were averaged. This

procedure was used to determine the T. values at six fields

and for every field at five successive temperatures. In figs.

2.8a and 2.8b, the results are plotted on the left-hand side

as a function of temperature for the various field values. The

points can very well be fitted with the factor (1-PQ) , as

indicated with the dashed curves. P. is the electron spin

polarization 2 <Sz> .

On the right-hand side, the high temperature limit of the

dashed curves is plotted versus the field value. The resulting

field dependence is about HQ for the K. axis (fig.2.8a), and

about H,

Summarizing this section, we may conclude that the proton

spin-lattice relaxation time in our sample exhibits maxima and

minima as a function of the angle <!> between HQ and the magnetic

K. axis. The maxima coincide with crossings of EPR lines, and

the minima appear on either side of these maxima at those

angles where the frequency difference between the EPR lines is

about equal to the proton resonance frequency.

The temperature dependence of T. , in the liquid helium

region, is weak and can be fitted with a factor (l-pi:)"1. The

field dependence amounts to something between H*'° and HQ'
5.

for the K axis (fig.2.8b).
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CHAPTER 3

THE THERMAL CONTACT

BETWEEN THE PROTON ZEEMAN SYSTEM

AND THE ELECTRON DIPOLE-DIPOLE INTERACTION SYSTEM

3.1. Introduction, ~

In order to explain the proton spin-lattice relaxation

measurements/ presented in the previous chapter, we performed '

a theoretical investigation of the thermal contact between

the proton Zeeman system and the electron dipole-dipole inter-

action system (see chapter 1). The basic process that maintains •

the contact between these two spin systems is a three-spin :
 ;

process in which one proton spin and two electron spins make • i

a simultaneous transition. The transition probability of this

three-spin process will be calculated.

The possible influence of the cross-relaxation in the

proton relaxation path is discussed in section 3.6.

In chapter 4, the role of electron spin-lattice relaxation

in the proton relaxation path is treated in detail for all

five of our samples with different proton concentration.

/

3.2. The thermodynamic model.

Diluted paramagnetic crystals can well be represented by a

thermodynamic model '. For the explanation of the experimental

results,described in the previous chapter, such a model will be

used. We will only briefly introduce this approach for diluted

copper Tutton salts.

3.2.1. The systems.

In fig.3.1 an outline is given of the thermodynamic model

for our samples of (Cu,Zn)CS2(SO^)j•6(H,D)_0. In these crystals, ,

the Cu ions exhibit an electron spin S=J/2 and a nuclear spin
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f^51 3

I = /i. The hyperfine interaction between these two spin species

yields a fourfold splitting of the two Zeeman levels of the

v," electron spins and hence four allowed EPR lines. Besides there

are two non-equivalent copper sites in the crystallographic unit

cell, so one has to deal with eight different allowed EPR tran-

sitions. We can classify the spins according to their resonance

frequencies, and obtain in this way eight groups of electron

spins corresponding to the eight EPR lines. This leads to the

introduction of eight electron Zeeman systems (EZS). The dipolar

interaction between the electron spins is represented by a

separate spin system, the electron dipole-dipole interaction

f system (EDDS) with an independent spin temperature. In the EZ

•/ systems as well as in the EDDS, the internal thermodynamic

j equilibrium is maintained by mutual flip-flop transitions of

' neighbouring electron spins.

/ Aside from the electron spins, the crystal also contains

proton spins and deuteron spins in the waters of hydration.

For each of these isotopes a Zeeman system also can be defined.

Finally there is a nuclear dipolar interaction system.

In the following discussion we will restrict ourselves to the

proton spin-lattice relaxation and will therefore only consider

the proton Zeeman system (PZS).

S.2.2. The thermal contacts.

In fig.3.1 the relevant relaxation paths from the PZS to

the lattice are indicated by the arrows A, B and C. The processes

that bring about these energy transfers are denoted by their

characteristic time constants.

The basic process causing proton spin-lattice relaxation

involves simultaneous transitions of one proton spin and two

electron spins (a three-spin flip). This basic process can

transfer proton Zeeman energy in two different ways: the first

is denoted by the arrow A and the second by B in fig.3.1.

In case A, the two electron spins participating in the

three-spin flip belong to the same EPR line. By this process

the energy is transformed into electron dipole-dipole energy,
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Fi-g.S.l. Thermo dynamic model of a deuterated diluted copper

Tutton salt.

PZS - proton Zeeman system,

EDDS = electron dipole-dipole interaction system^ and

E'lS = electron Zeeman system.

with a time constant T . The EDDS then relaxes via a transfer

of its energy to the EZ systems by the so-called cross-relax-

ation process C. In such a cross-relaxation process two electron

spins belonging to two different EPR lines - corresponding to

two different EZ systems - make a flip-flop transition
2)(a two-spin flip)

Case B differs from A in so far as the two electron spins

participating in the basic three-spin flip/ in case B belong

to two different EPR lines. The proton Zeeman energy is now

transformed directly into electron Zeeman energy. This process

will be shown to be fastest if the difference between the

resonance frequencies of the two electron spins is almost equal

to the proton resonance frequency w ; in ether words, if the

changes of the Zeeman energies of the three spins balance almost

exactly. For this reason we may say that process B has a

"resonant" character. The time constant is denoted by T B-
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In both case A + C and case B the EZ systems regain equi-

librium with the lattice by means of electron spin-lattice

relaxation. This process is very rapid in our experimental

circumstances, however, and one may consider the EZ systems to

be coupled tightly to the lattice '.

$.'£. The probability of the basic three-spin flip.

3.3.1. Alternative methods of calculation.

In order to explain the observed proton relaxation times

presented in the previous chapter, we now make the assumption

that electron spin-lattice relaxation as well as cross-relaxation

are very rapid, so neither is a bottleneck in the relaxation , i

path. The time constant TV of the observed proton spin-lattice

relaxation will then be determined by the time constants Ta and

T D of the processes A and B in fig.3.1. '
To calculate the probability of these three-spin processes > j

we use the spin hamiltonian i

30 = V V 3fee+ Jfep
where

Z& = the Zeeman interaction of tt electron spins,

Z = the Zeeman interaction of the proton spins,

If = the mutual dipolar interaction of the electron spins, andee
3f = the dipolar interaction of the electron spins with the

proton spins.

Two methods are currently used. The first is based on a

description of the time dependence of S , due to the interaction

between the electron ^rins, 3C . In this description a charac-
e e 4)

teristic time, the correlation time T , is introduced . Then
the time dependence of l£ can be solved from the part Z + X

z p ep

of the hamiltonian, using first order perturbation theory,

where 3f is a time-dependent perturbation. The second method

determines the time dependence of Ip with second order pertur-

bation theory, where 3f + JC is considered as a perturbation
on Z + Z 5'6>.e p
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In this chapter we will use a more general method in which

first the part Z&+ Z + W g e of the hamiltonian is diagonalized

exactly. Then the transition probability is calculated with 3f

as a time-independent perturbation. Using this new approach,

one finds that the two previous methods are never equivalent,

but refer to two different processes. The result of our treat-

ment will contain the different results of both other methods.

It will be shown that the correlation time method explains

process A, while the second order perturbation method describes

process B.

3.S.2. Caloula.ti.on of the three-spin transition probability.

To start our calculation, three spins in the crystal are

selected: two electron spins S-'=1/2 and S m=V2, and one proton

spin Ip' -l f i relatively close to S-'. If we choose the z axis

of the frame of reference parallel to the external magnetic
I T t /r\ I r* U.field Sn, the spin hamiltonian of these three spins can be '

written as '•-

Jf/h = JSi + umSm + &.&m.g* + JhP'k + Sj.l3k.lP'k , (3.1)
G Z S Z p Z

where h^.^1".^ = wjj and hP .&k.F'k = Jf̂ k are thg d i p o l a r

interactions of S^ with Sm and IP/k, respectively. The inter-

action of each of the three spins with all other spins in the

crystal is accounted for in the following approximate way.

The z component of the internal field produced by all these

other spins is added to the external field Hn. Then w-
1, um

k u e e •

and a) are the resonance frequencies of the selected spins SJ,

Sm and I P / k in the total field at the position of each spin.

As stated at the beginning of this section, the proton

relaxation is assumed to be bottlenecked by the basic three-spin

flip, a simultaneous transition of the three selected spins. Now

we are studying the case of diluted paramagnetic systems where

the interaction between electron spins is of the same order of

magnitude as hw and much smaller than hw . It can be shown that

in this case only the following two terms of the spin hamiltonian
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contribute to the basic three-spin flip:

a the term

i. is jm ,_ jc , m j . oicrnl\ • „ v3m 11 i\
nhi (SiS + fa fa ; , i n Si;* , (3 .2)

/. + — — + ee

w i t h

A^m = - £ ~ (l-3cos2e ) ,
hrjm

where g = the g-value of the electron spins

and y0 = the Bohr magneton.

r. = the distance between S-' and S , and

9. = the angle between r. and HQ;

b the term

^ D k g ^ p , ^ h (B:k)*s:Ip,k/ i n K:k {33)

with

B3 = — ^ - T sin29J1. e

where g = the g-value of the proton spins

and- p = the nuclear magneton.

r'v» Q-i,/ *-v a r e t n e polar coordinates of Î 1' with respect
JK JK ]K

to S^ (9 ., =0 parallel to Hn) .

In the following part we will first give an exact diago-

nalization of the hamiltonian (eq.3.1) with respect to the

sJJs™. term (eq.3.2). We cannot use perturbation theory for this

first step because h |A^m| may be of the same order of magnitude

as the proton Zeeman term in X. The effect of the much smaller

term hB^kS^l5'k+h(B^k)*sjlp'k will be determined afterwards

with the help of first order perturbation theory.

The hamiltonian (eq.3.1) can be written in the matrix

representation on the basis of eigenfunctions ]s-ISmIp' > .

This yields an 8x8 matrix. As we are considering the influence

of only the S^Sm term in JC^m, it is sufficient to restrict
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ourselves to the central 4x4 submatrix:

y A2

\

on the

,basis •

\ + h~h-

dm)* andwhere A1'"1 = w^ - wm and u = wk. (A^11) * and ( B ^ ) * are the com-e e . p .,p 2 3
plex conjugates of A, and B~ , respectively. We have omitted

the diagonal term 4A^mS-ISm because it is equal for all states
t h a t a r e i n v oi v ed, and B^

kS^I p'k
because it is small1 z z z

compared with the other diagonal terms. In the next step, the

hamiltonian is split into a perturbation V, containing the

matrix elements B^, and an unperturbed part 3f consisting of all

other terms. Diagonalization of Jf can now be performed using

the unitary operator U:

u =

c

- s

0

0

s

c

0

0

0

0

c

- s

0

0

s

c

where

c = s~ =
±in with C = arccoss-

and

The transform of the total hamiltonian JC = JC +7^then becomes:

b_

U3fU~ =
0

-<v>

0
£2

-(b8-,'

-<b c)*

"(bs.)

-(bs+)

-b

0

e .

on the

,basis <
| 2)

,(3.4)

39



w h e r e

^ = - e 4 = %{u> p +(A j i n ) ' } ,

E 2 = ~ C 3 = ^ t u - ( A j i n ) ' } ,

a n d

bc = %B^
k cose , bs± = kB]

k sin; e±iri.

At this point, one can investigate which transitions will

be induced by the perturbation V. V is represented in the

transformed hamiltonian (eq.3.4) by the non-diagonal matrix

elements b / b + and b -. Since V is a constant perturbation,c s s
only transitions conserving the energy are allowed. Now to and

(A-1™) ' are both positive quantities, so the energy differences

between the states are all unequal to zero except z-y~z->, *^

to equals (A )'. Hence, the allowed transitions are only those

between the states |2) and |3> . According to Fermi's "golden

rule" ', their probability will be:

WJeep

3:3.3. Extension of the ease of three spins.

Formula (3.5) gives the probability of a simultaneous

transition of three selected spins S-1, Sm and Ip' . We regarded

the interactions of the electron spin S3 with the neighbour Sm

on one hand, and with the proton spin 1^' on the other. This

case of three spins needs to be extended to the real situation,

where N electron spins and N proton spins are present in the

crystal. The extension will be made in two steps, where S^

remains in a central position. First, the contribution to the

relaxation process due to the total number of neighbours Sm,

surrounding S-1 , is discussed. Afterwards, an averaging with

respect to all the other proton spins surrounding S-̂  is carried

out in section 3.5.
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Regarding the neighbouring electron spins of S3, it

appears that not all these Sm can participate in a three-spin

flip with S-' and 1^' . According to formula (3.5), only those

spins Sm for which (iP-i/1) 2+ 4|A^m|2= (/ are able to do so.
e e i. p

Hence, in order to averag~ the effect of all the neighbours of

S-1 we shall have to know their distribution with regard to

respectively the value of A^ = u - ID and the value of

f ^ ; 2; j

The problem is tackled by assuming two independent distri-

bution functions. In the first place we denote the probability

for an electron spin S to have a certain resonance frequency -

com = u^-A^m as f(A). In the following calculations A^m will be

J denoted simply by A. Secondly, we introduce the distribution

'i g(A) as follows: the number of electron spins S for which

| A < |2A^m| < A+dA is g(A)dA. Finally, there is the condition

that §m must be antiparallel to jp in order to be in the central ,
i

i 4x4 matrix of the three-spin hamiltonian (eq.3.1a). ,

The probability for such a situation equals %(1-P ), where

Pn = tgh(hu /2kTT) is the electron polarization and u is the
-1 TTI

average value of w-1 and to . T L is the lattice temperature.

On these conditions the transition probability of a proton

spin Î 3' near S^, as a result of the interaction of S-' with

all neighbouring electron spins, becomes

CO OO

« %(1-PQ) jdA JdA f(A)g(A)W(A,A) . (3.6)
—oo 0

In this expression the integration over A can easily be carried

out because of the 6-function in W. This 6-function yields the

following relations:

and

-u < A < to ; 0 < A < u
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Substitution of these relations in expression (3.6) yields the

following equation for W:

ir |Bjkl2 "P
^ = 7 ^ <*-'!) H /vA(/vA2)f(A, • (3-7,
eep 4 -p

- U p

i o k
Apart from the SJ-I^' interaction, which is determined by the

ikmatrix element B= , we only need to know the distributions f

and g in order to complete the averaging of the influence of

the neighbours Sm on S-1.

i 3.4. Distributions f(D and g(A).

I 3.4.1, Relation between f(&) and the EPR spectrum.

; Some remarks can yet be made about the probability f(A)

for two electron spins S-1 and Sm to have a resonance frequency

' difference A. This function f(A) is closely related to the EPR

absorption spectrum, normally consisting of eight lines in our

sample. The centre frequencies w of the lines are labelled

such that u < u _ < . . . . < wg „. f(A) can now be split in

the following way:

f(A) = -A Z h'(A-Dgr) = i h'(A)+ -rr 2 h'(A-Dqr),
6 4 q,r=l 8 64 q,r=l

where D1^ = u - u is a line frequency distance, and h1 (A)e,q e ,r
is the convolution of two individual EPR line shapes h(u ):

00

h'(A) = jdue h(we)h(ue-A) . (3.8a)

In accordance with the splitting of f(A)(eq.3.8), the transition
D k

probability of J^' (eq.3.7) must also be split into two terms:

wjk = wjk + wJk(Dqr} ( 3 - 9 )

eep A B
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where

rz - nk r (3.9a)

dA /w -A g(/to -A )h (A-Dn')

(3.9b)

3.4.2. Specific assumptions for h(u ) and g(A).

If we want to draw any further conclusions from expressions

(3.9a) and (3.9b), we have to make specific assumptions about

g(A) and h(w ). From EPR measurements in our crystal it is

found that the width £ of an individual EPR line h(w ) is

mainly caused by the interactions of the proton and deuteron
2 +

spins in the ligands with the Cu ions. As is well known, such

interactions yield a gaussian line shape. If the individual

EPR lines h(w ) and h(w -A) in eg.(3.8a) are represented by

gaussians, both with a width e, the convolution h'(A) is also

a gaussian. The width <:' of the convolution is e/2. In our

calculations we will use such a convolution function:

h'(A) = - i — expI- -K\ . (3.10a)

) is 1

exp -
:' /TT \ E

2

g(A) is the distribution of electron spins in a diluted para-

magnetic system, with regard to the value of 2|A~ |. We now

assume that the Cu ions randomly occupy zinc sites in the
8)

crystal. According to Abragam such a distribution yields a

lorentzian line shape

g(A) = 1 . (3.10b)
TT (6 + A )

Using the crystal structure for Tutton salts as given by

2 +

Q \

Montgomery et al , the values of e and 6 can be predicted
theoretically. For a 94% deuterated salt containing 0.5% Cu

ions, values for£/2ii and S/2IT of 10 and 2 MHz, respectively,

are found. These values agree very well with the experimentally

observed EPR line shapes. It should be noted that under our
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experimental conditions where H > 5 kOe, both e and 6 are much

smaller than the proton resonance frequency w .

w ' 3.4.3. Theoretical results.

Eqs.(3.9a) and (3.9b) can be solved numerically by using

the line shapes (3.10a) and (3.10b). There is, however, a

dependence of the "resonant" term W^k(Dqr) (eq.3.9b)/ in the

probability, on the frequency distances between the various

EPR lines, Dqr.

Experimentally, the proton relaxation time T. was measured

as a function of $, the angle between HQ and the crystal K.

axis. So, if we want to compare our theoretical model with the

} experimental results, we have to know the relation between Dqr

'>' and $. This relation can be found in the measured EPR rotational

i diagram, which is depicted in the lower part of fig.3.2. In the

upper part of this figure the theoretical value of T =(WJ )
eep eep

' is plotted logarithmically as a function of $>, where we used

the line frequency distances Dqr, which are found in the lower

part. The factor JB3 | is assumed not to be dependent on 0 in

these calculations; this point will be explained in the next

section.

The drawn curve in fig.3.2 represents calculations of j
eep

for the theoretically predicted value of the EPR line width

e/2ir of 10 MHz, while the dashed curve describes the limit for

e equal to zero. In both situations the value for S/2TT, the

width of g(A), is taken to be 2 MHz.The hyperfine splitting is

300 MHz and the proton resonance frequency w /2TT is 50 MHz.

In the plot of T flat parts appear where Dqr > u , i.e.

at values of the angle $ where in the whole EPR spectrum the

line distances are greater than the proton resonance frequency.

In these flat parts only the term wj[ , which is independent of

Dqr (eg.3.9a), contributes to the three-spin transition proba-
ikbility. W^ describes the case in which the two electron spins

participating in the three-spin flip belong to the same EPR

line (see eq.3.8). According to the description in section 3.2,

wj| must then be the transition probability of process A in our

thermodynamic model (fig.3.1).
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V-"

Fig.3.2. Theoretical behaviour of T , the time constant of

the proton spin-lattice relaxation due to the three-spin

processes A and B. The drawn curve represents calculations for

an EPR line width value of 10 MHz, while the dashed curve

indicates the limit for the EPR line width equal to zero. In

the lower part, the relation is given between the EPR line

distances D^r and the angle §, corresponding to the EPR

rotational diagram.

D q rIf D q r < w p we moreover get a contribution of the "resonant"
ik ~ik

term

where

ik
in Vi ik This term yields the minima in x at angles

w ,and describes the case in which the two electron

spins belong to different lines, i.e. process B in our model.
ikMoreover, W^ is proportional to the number of simultaneous EPR
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crossings, e.g. if at a certain angle there are n pairs of EPR

lines with a frequency distance D^ < w , the summation in

eq.(3.9b) will yield an n-fold contribution of W^ in the total

probability ^

3,4.4, Results of the alternative methods of oalaulation.
ikThe two terms in WJ can also be related to the two

methods for calculating this quantity, mentioned in section 3.3,

as follows.

Under our experimental conditions the width of h'(A), E 1,

is much smaller than w . So, in expression (3.9a) for the prob-
ikability W^ of process A, the integrand only contributes for

I 2 2~ "1 k ' •

smal l v a l u e s of A and hence /u -A *» oi . Then Wjj can be }
approximated by I

wik a 15 | B3 k | 2 g (V ( 1" po ) • (3ai) .';
However, this is the same result as obtained by calculating the ; !

probability of the relaxation process, with the correlation

function method (see ref.10 and references therein). Using this " .

latter method we also would have obtained expression (3.11) •

where g(u ) is replaced by

(3.12)

where T is the correlation time describing the time dependence

of the electron spin fluctuations causing the nuclear relaxation.

According to eq.(3.10b) the inverse of this correlation time is

then identical to the width 6 of the distribution function g(A).

The contribution of process B to the proton relaxation

(eq.3.9b), is the largest in the minima in T , where the EPR
or

line distance DM w u . Here also the difference between the

resonance frequencies of S-' and Sm, A, must be about equal to

to , because the width of h'(A-D^r), e', is much smaller than u .

Now the basic formula for our calculations so far is

expression (3.5) for the three-spin transition probability.

Owing to the 6-function in this expression, 5(w -/A
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the above-mentioned condition A » w results in the fact that

2|A:Jm| must be small compared to A as" well as to w . So, for

process B, expression (3.5) reduces to

Weep = 2v 3
 2

 2 «<V A )' (3>13)

WP

Taking into account that 2|A^m|is small compared to w ,

it would, however, also have been possible to perform a second

order perturbation theory calculation for W-1"1 , instead of

our more exact calculation. In that case both |A^m| and |B3 |

would have been small compared to the proton resonance frequency;

so the interaction h A ^ s V ^ S ™ ) + hB?ks^lP'k + h (B^k) *S=> I?'k

of the hamiltonian (eq.3.1). As is well known, such a second

J could have been interpreted as a perturbation on the part Z +Z

| j
order perturbation calculation would have yielded the same '

formula as eg. (3.13) (see ref.l and references therein). Hence .' I

process B, that causes the minima in x corresponds to the !

relaxation mechanism as calculated with second order perturbation *•

theory. ;

It may be obvious that, with only one of the two "alter-

native" methods of calculating W^ , it would not have been

possible to explain all our experimental results.

3.S. S3-I^3 interaction; proton spin diffusion.

In the previous section, we extended the three-spin transi-

tion probability of eg.(3.5) to all electron spins in the crystal.
D kHowever, the contribution of only one proton spin, Ie' , was

taken into account. To describe the proton relaxation process

in the whole crystal, we suppose that each proton spin relaxes

via its nearest neighbouring electron spin only. So every

electron spin S-' has a "sphere of influence" (with radius R )

in which all proton spins relax via that spin S-' .

Let us restrict ourselves to the proton spins I?' in the

"sphere of influence" of one electron spin S3. These proton

spins are all at different positions with respect to S-1, so

|B^ I will have largely different values for each one of them.
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Hence, eqs.(3.9a) and (3.9b) would yield a different relaxation

rate for each proton spin. However, apart from their interaction

with S-1, the proton spins also have mutual interactions which

result in a diffusion of the proton magnetization, usually

called proton spin diffusion. Using the accepte'd model for this
12)

process ,we assume a spherical diffusion boundary, b, outside

which the transition probability of the proton diffusion flip-

flops is larger than that of the direct relaxation transitions

of the proton spins to the electron spin S-3. Thus, spin diffusion

homogenizes the proton magnetization within the "sphere of

influence" of S-5, outside the diffusion boundary. For each of

the proton spins in that area, we then observe the same relax-

ation time. This single relaxation time is obtained from

eqs.(3.9a) and (3.9b) by averaging |B^ | .

It is obvious that the rate of the proton spin flip-flop

transitions causing the proton spin diffusion depends on the

mutual distance between the proton spins, and hence on the

concentration of these spins. Now the diffusion boundary, b, is

determined by the criterion that the rate of the proton spin

diffusion flip-flops and the rate of the proton relaxation

transitions, are equal at b. The value of b will therefore also
"ik12

depend on the proton concentration. Because Bd | must be

averaged over the volume b < r < R , also the average value of
i i k i 2

|Bi I and hence the observed proton relaxation time will be

dependent on the proton concentration. The concentration

dependence of the proton spin-lattice relaxation time is

studied in a series of samples. The results will be discussed

in chapter 4.

3.6. Discussion.

In this last section, we will compare the results of the

theory presented in this chapter, with the experimental results,

given in the previous chapter.

48



<5.6.1. Angular dependence.

The observed pattern of maxima and minima in the rotational

diagram of the proton spin-lattice relaxation time (figs.2.3 - •••"

2.6), can very well be explained with the theoretical prediction

for the transition probability of the basic three-spin process/

as given in the egs. (3.9a) and (3.9b). Fig.3.2 in section 3.4

shows how the time constant T of this process depends on the

value of D^r, the frequency distance between the EPR lines.

Our experimental results, as given in subsection 2.3.3; table

2.II, agree within the measuring accuracy with the theoretical

calculations.

At the end of subsection 3.4.3 in this chapter, it was . J

remarked that eq.(3.9b) predicts a proportionality of the 'j

transition probability of the "resonant" process B, with the I

number of simultaneous EPR crossings. The probability of process '

A (eq.3.9a) is independent of D and hence also independent of ' |

the number of crossings. As a result, the total probability of '

the three-spin process will show a constant level due to process \-'

A, and superposed on that level, the double peaks of process B j

near each EPR crossing. The intensities of these double peaks

are in principle in the proportion 1:2:3:4, according to the

number of simultaneous EPR crossings. The time constant that

was attached to the three-spin process, T , is the inverse of

the total probability W , and will show a dependence on Dqr

which corresponds with that of W (fig.3.2). It is trivial that

the peaks in W turn into dips in the time constant. The

proportion of the intensities of the dips in x however, is no

longer the same as the proportion for the peaks in W .We can
eep

easily find the relation between the intensities of the dips in
Teep a n d t h e

section 3.4:

Teep a n d t h e Proba5D;i-1;i-ties o f the processes A and B given in

ATeep = T e e p ( c O n s t a n t l e v e l ) "
WA

where n is the number of simultaneous EPR crossings at the
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position of that dip. In our theoretical case, depicted in fig.

3.2, the proportion between the values of AT at positions

where respectively one, two, three and four EPR crossings occur,

is 1.0 : 1.6 : 2.0 : 2.2. We find about the same proportionality

for the observed dips in the proton relaxation time T. as a

function of *.

3,8,2. Temperature and field dependence,

The factor 1~PQ in the eqs.(3.9a) and (3.9b) explains the

observed weak temperature dependence of the proton relaxation

time, which is represented in fig.2.8 of the preceding chapter.

The best fitting (l-P..)" curve is for each field depicted with

a dashed line. The curves are extrapolated to high temperatures

and the limit for TT •+ =° is plotted against the field. This

measured field dependence can be expressed as a power of the

field, H*, where x has the value 1.2 ± 0.2. Formula (3.5) in

this chapter shows that the transition probability is propor-

tional to w . Because w a Ho, the time constant T will be

proportional to HQ, which slightly deviates from the experi-

mental value. We will postpone a further discussion of this

result to chapter 4.

3.6.S, Exclusion of the cross-relaxation as a bottleneck.

From the comparisons of the theory and the experiments we

may conclude that there is in general a good agreement. Hence,

the experimental results can very well be explained with a

theory based on our assumption that the three-spin processes A

and B bottleneck the proton relaxation, and that the cross-

relaxation C is relatively fast (fig.3.1). This means that we

are in fact observing processes A and B when we measure the

proton spin-lattice relaxation time. Now the theory shows that

the "resonant" process B causes the sharp minima in the relaxation

time, while process A is independent of the angle $ between HQ

and the K. axis. Hence, in the approximately flat parts in the

rotational diagram of T! , we actually measure the time constant

of process A, T^, i.e. the contact time between the proton

Zeeman system and the EDDS.

50



A completely different explanation for the observed T. ($)

could have been that the cross-relaxation bottlenecks the proton

relaxation. This situation is treated in the last paper of

Van den Heuvel et al. , describing proton relaxation experi-

ments in non-deuterated samples of Tutton salts.

According to Van den Heuvel, the probability W1'1 of the

proton relaxation due to the cross-relaxation between the EPR

lines i and i+1 is proportional to (u .- w i+1'2/Tcross'

The cross-relaxation time can be written as a function of the

frequency distance D1'1 = u_ .- w . , between the EPR lines:
i i+l i 1+1 l i+1 ' e,l+±

T I , X T I _ Tj.,iTi(r)J.,iTi) _ T h e t o t a l r a t e o f t h e p r o t o n relaxation
CJ.OSS C J T O S S . . , -
to the lattice in this case is £ W ' which depends only on

1

We could have supposed that in our sample the observed
strong angular dependence of the proton relaxation would have
been completely due to an angular dependence of the cross-
relaxation time i . Because the proton relaxation time would

cross

be completely determined by the frequency distance between the

EPR lines, extrema of the relaxation time would also be only

dependent on D '1 .In the rotational diagrams of the proton

relaxation, in different fields, the minima would then occur in

coincidence with a certain value of D1'1 , independent of the

field.

Our experimental results, summarized in table 2.II and

discussed in section 2.3.3 of the preceding chapter, show that

the positions of the minima correspond with values of the line

distance D1'1 , which are proportional to the field. This

contradiction proves that the pattern which we observe in the

proton relaxation as a function of the angle * cannot be

explained by a bottleneck due to the cross-relaxation. From

this argument we have to conclude that the observed proton spin-

lattice relaxation times in general were determined by the

three-spin processes A and B.

Moreover, we checked our model by performing nuclear-

nuclear double resonance (NUNDOR) experiments. The results of

this investigation confirm the above-mentioned conclusion.
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The results of the NUNDOR experiments will be discussed in

detail in chapter 5.

3.6.4. Deviations from the theoretical picture in the angular- i

dependence.

We have not yet considered two effects which have been

observed in the angular dependence of the proton relaxation.

There is an overall decrease of T near both magnetic axes K

and K,(fig.2.2). Moreover, the observed value of T. in the

maxima that occur at the crossings of EPR lines is in some cases

larger than predicted by our theory. This second effect is most

obvious in the central maxima that occur at the K and K, axes.

Exactly at these axes there are four pairs of coinciding EPR ,j

lines which means that the only relevant cross-relaxation )

transitions occur in the mutual overlap of these four lines. <

The cross-relaxation rate here will be smaller than in the < I

situation where the eight lines are just separated with respect \

to the situation at the axes. A smaller cross-relaxation rate v,

exactly at the axes could possibly provide a slight lengthening •

of the proton relaxation time due to the small heat capacity

of the EDDS (see chapter 5).

If we consider the total angular area around the axes,

where the proton relaxation time shows a strong angular depen-

dence, i.e. the total area where crossings of EPR lines occur,

the level in the approximately flat parts of the rotational

diagram turns out to show an overall decrease with a minimum

near the axes. Such a decrease is not predicted by our theoretical

model of which the results are depicted in fig.3.2. Two possible

explanations can be given for this deviation. In the first place

the model is based on the situation where two sets of four proper

gaussian lines are present in the EPR spectrum. The real situa-

tion, however, is somewhat more complicated. A careful examina-

tion of the observed EPR spectrum brings up the presence of

small lines due to forbidden transitions in the energy level

diagram for the electron spins. Moreover, the "main" lines may

have a shape which differs slightly from a gaussian, such that - '

these real lines have a larger overlap than expected for pure
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gaussians. A result of these complications could be that the

"resonant" process B, in our model, has an appreciable proba-

bility also when the distance between the "main" EPR lines is

greater than the proton resonance frequency. This would imply

that process B still contributes at angles where we supposed

formerly, only process A to occur (the so-called flat regions

in the time constant T versus the angle <l> in fig.3.2).

Because process B is more important in those regions where more

EPR lines are crossing each other, one would then expect from

the EPR spectrum an overall decrease of T that becomes larger

as we approach the magnetic K1 or K, axis.

A second possible explanation of the observed overall

decrease in the relaxation time could be found in the fact that

maybe still the cross-relaxation C has an influence on the proton

relaxation in the path via the processes A and C (fig.3.1).

An overall angular dependence of this cross-relaxation due to

the changing overall overlap of the EPR lines could then cause

a decrease in the constant upper level of T (fig.3.2) with a

minimum near both axes.
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V. CHAPTER 4

PROTON CONCENTRATION DEPENDENCE OF THE

PROTON SPIN-LATTICE RELAXATION TIME IN

COPPER TUTTON SALTS

4.1. Introduction.

In the previous chapters, we reported our investigations

of the nuclear magnetic relaxation mechanism in a sample of the

diluted paramagnetic copper caesium Tutton salt

(Cu,Zn)Cs2(SO.)2-6(H,D)_0 with 0.44% Cu , which was largely

deuterated. In the first chapter, we presented in detail the

experimental results of a sample with a deuteron concentration

of 94% and hence an H-concentration of 6% in the waters of

hydration (such a hydration percentage will be denoted 'shortly

by 6%-1H in the following text).

The present chapter contains the results of our proton

spin-lattice relaxation measurements in samples with 12, 25, 50

and 100%- H. In section 4.2 we will first present the LiicL.no--

dynamic model necessary for the explanation of these results.

In the last section, 4.5, an attempt is made to determine

the role of the proton spin diffusion in the relaxation path.

4.2. Theory.
2 -f

Diluted copper Tutton salts contain Cu ions, exhibiting

an effective electron spin S=^ and a nuclear spin I =3/2.

Besides, there are protons and deuterons in the waters of

hydration with a nuclear spin of Ip=^ and I =1 respectively.

The description of our copper Tutton salt samples, in this

chapter, is based on the thermodynamic model, presented in the

previous chapter. In the present section, a revision of that

model is carried out in order to obtain a more "transparent"

picture. First, the most important features of the original

model are recapitulated.
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4.2.1. The thermodynamic model.

In the model of chapter 3, each EPR line is represented by

one electron Zeeman system (EZS) . The two non-equivalent

copper sites in the crystal give rise to two sets of four hyper-

fine split EPR lines, so we have eight EZ systems. The proton

and deuteron Zeeman systems PZS and DZS in the model represent

the proton and deuteron Zeeman interactions, while the dipolar

interactions between the electron spins are represented by the

electron dipole-dipole interaction system (EDDS). The relaxation

of the proton or deuteron magnetization corresponds in this

thermodynamic picture with an energy flow in three steps from

the PZS or DZS via the EDDS and the EZ systems to the lattice.

The first heat contact in this relaxation path, i.e. the

contact between the PZS and the EDDS, comes about by a three-

spin process with a rate T , in which two electron spins,

belonging to the same EPR line, and one proton spin make a

simultaneous transition. This heat contact is elaborately

described in chapter 3. We will assume a similar process with

a rate T, , to maintain the contact between the DZS and thed
EDDS.

The process responsible for the middle step in the energy

flow, i.e. the heat contact between the EDDS and the EZ systems,

is the cross-relaxation process

As described in chapter 3, the three-spin process can

provide an extra coupling path from the PZS directly to the EZ

systems. This so-called "resonant" process exists under special

circumstances, when the orientation of the magnetic field is

such that the distance between two neighbouring EPR lines is

about equal to the proton resonance frequency. In this situa-

tion, the relaxation is caused by a simultaneous transition of

two electron spins, belonging to different EPR lines, and one

proton spin.

The last step in the relaxation path, i.e. the contact

between the EZ systems and the lattice, will be maintained by

the electron spin-lattice relaxation, which under our experi-

mental conditions (1.3 K < TT < 4.3 K;5 kOe < Hn < 15 kOe) is

practically only due to the direct process ' .
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41Recent measurements of J. Poot et al. show that the time

0

constant of the cross-relaxation process in our samples has a

value of the order of 30 milliseconds if the magnetic field H

is directed along the K axis of the crystal. Moreover, we can

derive from measurements of A.C. de Vroomen et al. , the values

of the electron spin-lattice relaxation time constant T , that

one must expect for our samples. Under most of our experimental

conditions, the value of T, is greater than 100 milliseconds,

except for the highest applied fields and temperatures simul-

taneously. Because the cross-relaxation time constant T is
cros s

much smaller, it is almost always allowed to assume T. >>T . __

Then we may carry out a simplification of our model in the

following way. , [

4.2.2. Simplification of the thermodynamia model. \

In the original model of chapter 3, where we had not con- ''

sidered the DZS, a set of ten differential equations describes ! I

the time dependence of the temperatures of the various spin ;

systems, according to the Provotorov theory . Because the *•

cross-relaxation rate is much greater than the electron spin- j

lattice relaxation rate, we may eliminate the cross-relaxation

terms in this set of differential equations (see ref.l and

chapter 3). Such an elimination results in a substitution of

the eight EZ systems by two new spin systems. First the hyper-

fine interaction system (HFS), representing mainly the hyperfine

interaction between the electron spin and the nuclear spin of

the copper ions. Secondly there' remains only one electron Zeeman

system, containing the Zeeman interactions of all electron spins.

Moreover, also on account of the fast cross-relaxation, the EDDS

and the HFS may be considered in most situations as one spin

system, with a heat capacity consisting of the sum of the heat :

capacities of both combining systems. We call this combined spin

system the electron non-Zeeman system (ENZS). It has a spin

temperature denoted by T N = l/k£3.

After eliminating the cross-relaxation terms in the complete

set of differential equations as mentioned above, a set of only

four equations remains. As we are describing the case of relax-
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ation in this chapter, we will neglect the terms due to

irradiation with r.f. or microwave fields. Then the resulting

differential equations read as follows:

ft Yd = " f^d~ e ) <4-ld>

where l/kaQ, l/k3, 1/ky and l/kYd are the temperatures of the

electron Zeeman system, the electron non-Heeman system and the

nuclear Zeeman systems respectively. TT= l/kBT is the lattice
Li LI

temperature. D , D- and D^ are ratios of the heat capacities:

VP 4VP

1 NeM2
 M 5NeA^

8Ndwd 32Ndud

1 .

In these expressions, M- denotes the second moment of the total

EPR spectrum. Because we are dealing with the experimental

situation where two hyperfine split EPR spectra of four lines
2 2

almost coincide, we may use (5/4)A + D as an approximation

for ML. A is the hyperfine splitting and D is the local

field splitting due to electronic dipolar interactions, u and

OĴ  are the nuclear resonance frequencies and N , N and N, are

the numbers of electron spins and nuclear spins. Moreover,
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under all applied conditions A >> D so D may be neglected

with respect to (5/4)A 2, which gives the approximation for

Dx, D2 and D3.

It is obvious that eg.(4.1a) is independent from the other

three and we need not take it further into account in the

following discussion, because we are only interested in the

relaxation of the nuclear magnetic energy. So we have to solve

three coupled first order differential equations. The revised

model is schematically represented in fig.4.1, where the heat

contacts are indicated by their characteristic time constants

T , T^, T c r o s s and Tj for the proton and deuteron three-spin

processes, the cross-relaxation process and the electron spin-

lattice relaxation respectively. The resonant part of the

proton three-spin process provides the thermal contact between

the PZS and the HFS in this revised model. Because the EDDS

and the HFS are considered as one system, the time constant T

in fig-4.1 represents both the non-resonant and the resonant

three-spin process.

PZS

DZS

\T> r

1

EDDS
"cross

ENZS

HFS

T—

L

\

nuclear electron lattice
Zeeman non-Zeeman

systems system

Fig.4.1. The revised thermodynamic model for copper caesium

Tutton salts, as explained in the text.
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4.2.3. Extreme oases for the bottleneck in the relaxation path.

We now proceed to solve the eqs.(4.1b) to (4.Id).

Solutions for arbitrary values of the parameters can be found

with a numerical method. The results of these calculations are v"-.*

given in subsection 4.4.2, together with the experimental data.

For two extreme cases of the bottleneck in the relaxation path,

the equations (4.1b) to (4.Id) can be solved easily by carrying

out the approximations:

(a) V Td ̂  Tle •
Under these conditions the ENZS is coupled much more strongly

to the lattice than to the nuclear Zeeman systems, so 3=3T .
ij

The time dependence of the inverse nuclear Zeeman spin temper- .
atures in this case may be written as: ,i

i

It Yp = - ~(Yp-e) * - f-(Yp-BL) / (4-2) ; f
¥ IT , j

It Yd - - ̂ ( v - s ) = - ̂ (yd-sL) . {;

i

( b ) T
P '

 T d <K T l e •

From our set of equations we derive the relation

lt ( S + D l V °2YdJ = " T7e<
S " &L]- <4-^

Because this case describes just the opposite of the situation

of case (a), we may now consider the nuclear Zeeman systems to

be coupled very strongly to the ENZS, so the temperatures of

these three systems will be equal: Y_»Yd - B- Then eq.(4.3)

reduces to:

For these two extreme cases (a) and (b) we can find

directly from the equations (4.2) and (4.4) the time constant
T 1 P ' t'iat w e observe in an actual proton spin-lattice relaxation

experiment.
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This time constant is in case (a):

Tlp = Tp ' (4-5)

and in case (b) :

Tlp s ( 1 + V D2 ) Tle ' ( 4- 6 )

because D, « 1.

In our previous work, case (a) appeared to be a good

approximation for a sample with 6%- H in the waters of hydration.

In that crystal the time constant of the cross-relaxation

process and the one of the electron spin-lattice relaxation

process were found to be small compared to T . It was shown in r

_ chapter 3 that the time constant of the proton spin-lattice

relaxation signal, T1 , could very well be identified as the ' j

} inverse transition probability of the proton three-spin process. i

': • In the second case, if the electron spin-lattice relaxation i

! bottlenecks the proton relaxation, the time constant of the , •
I i

proton relaxation function will be approximately equal to: •
1 r 1 !

' i ^1+Dl+D2^Tle' B e c a u s e Di !sD2 f o r t h e 6%~ H s a m P l e ' t n e enlarge- , ,'
1 merit factor of T. becomes greater as the proton concentration,

-̂ and thus D.. , increases. Hence bottlenecking by the electron

spin-lattice relaxation might be possible in samples with

higher proton concentrations. In the fourth section, where the

experimental values of the proton relaxation time are given,

examples of both extreme cases are encountered.

4.2.4. Effect of the caesium Zeeman system.

Aside from the nuclear spins of the copper ions and of the

protons and deuterons in the waters of hydration, the samples

also contain caesium nuclei with a spin I s= 7/ 2. For these

nuclear spins another Zeeman system could be added to our model.

Such an extension of the model and thus the introduction of an

extra equation in the set (4.1a) to (4.Id), has however only a

restricted effect in our calculations of the proton relaxation

time constant. Only in the case that T is the limiting step

in the proton relaxation, there is an effect, which is not

more than about 10%, i.e. the same order of magnitude as the

experimental inaccuracy.
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4.S. Experimental methods.

The proton spin-lattice relaxation measurements were

performed in an NMR spectrometer using a Q-meter system and

phase-sensitive detection, as described in chapter 2.

A saturation-recovery method provided us with the relaxation

functions. Most of the observed relaxation curves could be

interpreted as single-exponential functions of time. In the

case of non-exponential decay, we fitted the tail of the

relaxation curve.

The crystals were grown by slow evaporation from an

aqueous solution of very pure chemicals. The Cu -concentration,

which for all samples in the solution amounted to 1.00%,

appeared to have a non-uniform value in the various crystals,

measured photo-spectrometrically. In table 4.1, a survey is

given of the samples that were studied. The results of our

investigation of the

chapters.

I- H sample were given in the previous

Table 4.1

Sample

6%-1H

12%-1H

25%-1H

50%-1H

100%-1H

H-concentration

in the solution

(ion %)

6

12

25

50

100

Cu -concentration

in the crystal

(ion %)

0.44

0.69

0.51

0.52

0.44
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•1.4. Experimental results.

4.4.1. Angular1 dependence of the proton spin-lattice relaxation

time.

In all samples the dependence of the proton spin-lattice

relaxation time on the angle <J> between the external field HQ

and the magnetic K, axis of the crystal was measured in an

Fig.4. 2. Upper part: angular dependence of the proton spin-

^ in the 12%- H sample at H =11.3 kOelattice relaxation time

and T,=1.3 K. $ is the angle between H. and the K^ axis in the

Kj-K? plane.

Lower part: rotational diagram of the EPR frequencies vg.

The dash-dotted lines indicate the angles where the EPR

frequency distance between two diverging lines equals the

proton resonance frequency v .
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interval around the K. axis. As an example, some results of the

12%- H sample will be shown.

In figure 4.2, the angular dependence of the proton spin-

lattice relaxation time T. , is plotted in the upper part. HQ

was orientated in the K.-K, plane of the crystal. In the lower

part of the figure, the rotational diagram of the Cu2 -EPR

spectrum (frequency v ) is drawn on the same horizontal scale

and for the same experimental conditions: a magnetic field H.

of 11.3 kOe and a temperature of 1.3 K.

The most appealing feature in fig.4.2 is the strong

angular dependence of the relaxation time constant, with a

pattern of "dips" corresponding precisely to line crossings in

the EPR rotational diagram. We can recognize in this pattern

the angular dependent behaviour of the time constant of the

proton three-spin process, that is described in our study on

these effects in the 6%- H sample in chapter 3. This three-spin

process, which maintains the heat contact between the PZS and

the ENZS, has a probability with resonant "peaks" at angles $

where the frequency distance Av , between two diverging EPR

lines, just about equals the proton resonance frequency. This

condition is satisfied at angles next to each EPR crossing on

either side of it, as indicated with the dash-dotted lines in

fig.4.2. Similar measurements were performed in the other

samples.

Results for the 12, 25, 50 and 100%- H samples together

with those for the 6%- H sample, presented in chapter 2, are

given in fig.4.3. They were all obtained at 1.3 K and 11.3 kOe.

Parts of the rotational diagram of the proton spin-lattice

relaxation time in the K.-K., plane, have been plotted for each

sample in this figure. Because of the similar structure of the

diagrams we may conclude that in each of these cases the three-

spin process plays a dominant part in the limitation of the

proton relaxation path.

The most relevant parameter to describe the change in the

structure with increasing proton concentration, is the

difference between the T. -value in the about flat area half

way the EPR line crossings (see fig.4.2), and the value in the
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3 ° <J> 0 °

i''i';;.-j.c. i'.ii':>xiy of the angular dependence of the proton spin —

l-itlii-c 1-^Lixat.io-a Lime Tln, for the C, 12, 2b, 1-0 and 100%-1H

•sample in the V i\.-:'••: i ty of the '/. •, axis. H „ = 1 1 . S POe; Tj- = 1.S K,

."'.'t2 awI'CO'S i'.'j o tvi'.iilui'e vith increasing proton t'onoentratiOK

'"<J J-.sai'ibnd by ih.c relative differenoe betwen the T., -levels

f (fl^it t,avt) and d (dip), an indicated for the I""-1!! sample.

dips close to the K axis. These two values are indicated with

the dashed lines (f) and (d) in fig.4.3, for the 12%-XH sample.

The relative difference in the proton relaxation time,

{T l 3(f)- Tj_ (d)}/ 'Tl (f) , is plotted in fig.4.4, versus the

proton concentration. It shows a monotonous decrease to higher

proton concentratxon.

The explanation for this decreasing structure can be found

in the proton concentration dependence of the EPR line width e.

Because of the very small amount of Cu ions in our samples,
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Fig,4.4. relative decrease of the proton relaxation time:

^Tlp(f)-
Tlp(<i)}/T1(f)3 obtained from fig.4.?,, versus the

proton aonaentration.

the EPR line shape h(w ) is determined mainly by the interactions
e 2 +

of the electron spins of the Cu ions with the proton and

deuteron spins in the ligands, yielding a predominantly gaussian

line shape. h(u ) can then be expressed as

The value of the width E now only depends on the proton concen-

tration. For a completely deuterated sample we find from EPR

measurements e/2ir=13 MHz, while a sample with 100%- H yields

a value of E/2TT=23 MHz.

Such a change in the EPR line width has hov/ever an obvious

effect in the structure of the total transition probability of

the proton three-spin process, as derived in the previous

chapter. We calculate a less pronounced structure in the

rotational diagram of this probability, for greater values of

the line width. The structure in the rotational diagram of the

proton relaxation time constant is therefore expected to

decrease as well, with an increase of the line width due to

the increasing proton concentration. This is qualitatively in

good agreement with the results represented in fig.4.4.
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4.4.2. Field and temperature dependence of the proton spin-

lattiae relaxation time.

As an illustration of the temperature dependence of T

at various values of the angle *, some results for the 12 and

25%- H samples at 11.3 kOe are represented in the figures 4.5a

and 4.5b. In both figures, parts of the rotational diagram in

the K -K~ plane at different temperatures are given. From

comparison of the curves for 1.3 K and 4.3 K, it can be con-

cluded that the temperature dependence at the K,̂  axis, as well

as in the dip next to it and in the about flat part next to

the dip, is similar. In other words, if the temperature is

varied from 1.3 K to 4.3 K, the relaxation time values change

with a factor, independent of the angle * between H. and the

K axis. This has also been observed in the 6%- H sample, as

mentioned in chapter 2.
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Figs.4.5. Temperature dependence of T~ at a field of 11.3 kOe,

for different values of the angle $>:

(a) for the 12%- H sample and (b) for the 25%- H sample.
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It is difficult to measure T\ accurately for HQ close to

the K axis, because the measuring accuracy in T̂  is completely

determined by the accuracy in the orientation of the field, as

a result of the strong angular dependence of T. in this area.

On the other hand, determination of the T. -value in the about v"

flat area next to the dip, can rather accurately be performed.

Therefore, we will use the average of the values measured in

this flat area for the determination of the temperature and

field dependence.

In the figures 4.6a to 4.6e the results are collected of

the field and temperature dependence measurements in the 6, 12,

25, 50 and 100%- H samples with copper concentrations as -

denoted in table 4.1. For each proton concentration, the

relaxation time constant T. is plotted versus the field, for I

five successive temperatures 1.3, 1.7, 2.3, 3.3 and 4.3 K. /

Theoretical calculations of T. (HQ) were made according j

to the thermodynamic model, sketched in section 4.2. Therefore , ;

the set of differential equations (4.1b), (4.1c) and (4.Id) ' '

was solved numerically for various conditions. The results for

1.3 and 4.3 K are also represented in the figures 4.6a to 4.6e,

by the drawn curves. In these calculations, an approximation

was used for the field dependence of T , the time constant of

the proton three-spin process, as derived in chapter 3:

(4.8)

H. = the external magnetic field and

The best overall fit with the experimentally determined T\ (H.J

points was obtained when the value of x was chosen 1.0, instead

of the theoretical value of x=2 (see eq.(3.5)). In each of the

figures 4.6a to 4.6e the absolute value of the calculated T.

was only fitted at T =1.3 K and H =11.3 kOe.
Lt U

Variation of the time constant T, in these calculations,
d

had only a negligible influence on the results for the calcu-

lated time constant T , under all applied conditions.

This quantity T, will not be further concerned in our discussion

in the present chapter. It plays an important role, however,
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in our nuclear-nuclear double resonance experiments, to be

described in chapter 5.

The third process contributing in the proton relaxation

path is the electron spin-lattice relaxation. Limitation by

this process becomes noticeable in the samples with greater

proton concentration, because the heat-capacity of the PZS is

there much greater than the one of the ENZS (see eg.(4.6)).

6%^H

Pig.4.6a.

s
200

100

T,

th (1 3 K)

50 - i

5 Hr 10 15 kOe

Figs. 4. 6. The -proton spin-lattice relaxation time, Tj , versus

the field for five successive temperatures. The experimental

data of the 6, 12, 25, 50 and 100%- H sample are represented

in separate figures (4.6a to 4.6e respectively). The dra\'n

curves in these figures represent numerical solutions ;•;" the

set differential equations (4.1b), (4.1c) and (4.Id) at

1.3 and 4.Z K. The dashed curves represent solutions for the

tvo extreme eases of the bottleneck in the proton relaxation

path, given only for 1.3 ¥..
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The theoretical curves in the figs.4.6a to 4.6e were calculated

by using the results of A.C. de Vroomen et al. , for the

electron spin-lattice relaxation rate, T , which could be

described by the formula:

TIe = C1HOTL + C2TL ' (4-9)

where T denotes the lattice temperature and the constants C
Lt 1

and C? have, in our copper-caesium Tutton salts, values of

respectively 2.20x10"'' (s kOe^K)"1 and ].57xlO~6(s K 9)" 1.

The first term in equation (4.9) represents the contribution of

the direct process in the total electron spin-lattice relaxation,

while the second term results from the second order Raman
process. f

j
f

The data for calculation of the heat-capacities of the

! various spin systems, used in the ratios D., D2 and D,, were
1 obtained directly from the experimental results.

1 i Comparison of the theoretical T. (HQ) curves' with the
1 experimental data by means of the figures 4.6a to 4.6e, shows

*- in general a satisfactory agreement. The calculated curves for

4.3 K however, turn out to lie somewhat higher than the

•experimental points, especially for the samples with greater

proton concentration. This means that the temperature dependence

in those samples is somewhat stronger than the theoretically (

expected (1-P.) . i

In the figs.4.6a to 4.6c, we also gave the approximations

v of T in the two extreme cases (a) and (b), for the bottleneck

in the relaxation path, as discussed in subsection 4.2.3. These

extreme cases are represented only for 1.3 K, by dashed curves,

according to the eqs.(4.5; 4.8) for T limitation, and eqs.

(4.6; 4.9) for T limitation. In particular for the 100 and
150%- H samples in the low field region, it appears that the

bottleneck in the proton relaxation path is nearly completely

determined by the electron spin-lattice relaxation process

(figs.4.6a and 4.6b). For the 6%- H sample this process does

not contribute appreciably in the proton relaxation path, in

any of the applied fields.
i
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The results for the 100%- H sample on field and temperature

dependence show the greatest change in the picture, as presented

for the 6%- H crystal in the chapters 2 and 3. We found above

that the characteristic pattern, in the angular dependence of

the proton relaxation time, still exists in the non-deuterated

sample at ]1.3 kOe and ) .3 K. As this pattern could be explained

by the behaviour of the time constant of the proton three-spin

process, we must conclude that for these experimental conditions,

this process bottlenecks the proton relaxation in the 100%- II

sample as well. The structure in the rotational diagram is,

however, considerably less pronounced compared to the more

deuterated samples. Nevertheless, the presence of the structure

gives us the opportunity to observe the change in the relaxation

mechanism, if field and temperature are varied.

An illustration of this change is given in fig.4.7, where

the most relevant results of the non-deuterated sample are
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represented. For each field, a small part of the rotational

diagram next to the K. axis (at 0°) is depicted, for the five

different temperatures 1.3, 1.7, 2.3, 3.3 and 4.3 K.

If we consider the curves for 1.3 K in fig.4.7, at higher v

fields the structure is about the same as for 4.3 K. With

decreasing field, however, the structure for the 1.3 K measure-

ments almost disappears, while the average value of T , after

going through a minimum, starts to increase again, contrary to

the situation at 4.3 K. Returning to our model it is clear that

the slowing down of the electron spin-lattice relaxation is

responsible for this contrast, as explained in the previous

subsection.

4.4.4. Cu -concentration dependence of T- .

The copper concentration dependence of T was determined

from measurements in three deuterated samples with 12 per cent
2 + f I

protons in the waters of hydration. The Cu -concentrations • j
were 2.1, 0.69 and 0.05 ion per cent respectively. For the . '

2 + I .'

highest Cu -concentration, we measured a part of the rotational

diagram at 11.3 kOe and at two temperatures 1.3 K and 4.3 K,

in order to obtain information about the absolute value of the

proton spin-lattice relaxation time, as well as the relaxation

mechanism. Figure 4.8 shows the results.

The behaviour of T. ($) in this sample shows again the

characteristic pattern of maxima and minima in the rotational

diagram around the K axis, although the structure is somewhat
2 +

less pronounced compared to the 0.69%-Cu sample, particularly

at 1.3 K. As a result one may conclude that the proton spin-

lattice relaxation in this sample is still limited by the

proton three-spin process. The T. -values and hence T in this
2 + ** ^

2.1%-Cu sample are however about a factor twenty smaller than '

the values we found in the 0.69%-Cu sample. This leads us to

a strong Cu -concentration dependence of T, and hence of T .

For the sample with 0.05 per cent Cu ions, the picture

is completely different. We measured very long relaxation times

of 2.1xl03s at 11.3 kOe and 4.3 K, as represented in fig.4.9.

However, within the measuring accuracy we did not observe any
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Fig.4.9. Angular dependence of Tj in the vicinity of the

K2 axis, at 4.3 K and 11.3 kOe, for the 12%-2H / 0.05%-Cu2+

sample.
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angular dependence of T. in an area of eight degrees in the

vicinity of the K axis. To get an idea about the temperature

dependence in this sample, we also took a point at 1.3 K and • .

" the same field. The time constant here appeared to be 12x10 s,

yielding a temperature dependence much stronger than (1-P ) ,

expected for the three-spin process.

The absence of the strong angular dependence and the

presence of a relatively strong temperature dependence of T.

in the 0.05%-Cu' sample, raises the conviction that the proton

relaxation is not limited anymore by the three-spin process,

but that another process provides for a bottleneck in the

relaxation path. Hence these T. -values cannot be used with

! those for the other samples, in order to derive a Cu -

j concentration dependence of the time constant of the proton

j three-spin process. • •

. • The data from the 2.1 and 0.69%-Cu samples yield a ; |
1 j — 2 7 '

concentration dependence in T. of c , where c denotes the
copper concentration. We have used this dependence to correct ; '

1 2 +

the T -value of the 12%- H/0.69%-Cu sample for the deviation

of the copper concentration from the face-value of 0.5 ion per

cent. It is obvious that one may assume, for samples with other

proton concentrations, the proton relaxation time constant to

be strongly dependent on the copper concentration as well. The

measured Cu -concentrations are in these samples however much

less deviating from 0.5% than in the 12%- H sample. Hence the

corrections will become smaller too.

In order to compare the absolute values of the proton

spin-lattice relaxation time in the five samples as good as

possible, under otherwise equal circumstances, all values have

been corrected for deviations from the face-value of 0.5%-Cu ,

by extrapolation of the measurements with the above-mentioned

c ' dependence.

The experimental results for the averaged value of T. ,

in the about flat area next to the K. axis, are collected in

table 4. II. In this table also the values corrected for copper

, concentration deviations are given. •, *
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Table 4.II

concentration

(ion %)

6

12

25

50

100

12

12

T
IP

(S)

185

68

128

41

89

3.3

12xl03

Cu2+-

concentration

(ion %)

0.44

0.69

0.51

0.52

0.44

2.1

0.05

lp 0.5%-Cu2+

(s)

130

164

135

45
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The picture of the proton concentration dependence in the

proton relaxation time has changed considerably owing to the

correction, which in the 12%- H case amounted to more than a

factor two. The fact that small variations in the copper

concentration result in rather large effects in the relaxation

time, introduces an extra contribution to the inaccuracy in the

final results for the relaxation time, as given in table 4.II.

In spite of this inaccuracy, the proton concentration dependence

has yet some obvious features, as shown in figure 4.10, where

the data from the last column of table 4.II are plotted

(H =11.3 kOe; T =1.3 K).
1For the three lower proton concentrations 6, 12 and 25%- H,

the corrected T. -values differ only less than 25%, while the

values are of the order of 140 seconds. The two samples with

the highest concentrations, 50 and 100%- H, both have values

that are much lower than for the smaller concentrations. The

most striking point here is the difference between the relax-

ation time values of the 25 and 50%- H sample. There is a

proportion of a factor three, while the copper concentration
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Fig,4.10. The value of the proton spin-lattice relaxation

time, T1 3 versus the proton concentration, at 11.3 kOe and
P 2 +

1.3 K, corrected for deviations from the face-value 0.5%-Cu
of the copper concentration, as explained in the text.

in these two samples appeared to be practically equal (table

4.II), so the correction did not change the values much.

The time constants as given in fig.4.10 still contain a

small contribution due to the electron spin-lattice relaxation

process in the proton relaxation path. This contribution amounts

to about 15% of the given T. -values for the 50 and 100%- H

samples. In the other samples, the influence of "V under the

applied conditions is negligible.

Summarizing,, we may conclude that with increasing proton

concentration the relaxation time does not change much, until

a rather strong decrease between 25 and 50%- H.

4. S. Discussion.

4.5.1. The three-spin transition probability.

In this section we will discuss our results on the first

step in the relaxation path of the proton magnetization, i.e.

the coupling between the PZS and the ENZS. Our considerations

are based on the existence of the proton three-spin process to

maintain this coupling and we will calculate the relaxation
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rate of this process, taking into account the possible presence

of proton spin diffusion. The discussion will be restricted to

the non-resonant part of the three spin process.

In the previous chapter, we found the expression: v"

W^k = _jL |B^k|2g(u ) (1-PQ) , (4.10)

for the non-resonant part of the probability for a transition

of proton spin Ip' due to the dipolar interaction term

ti (B^kS;'lP'k+ (B^k)*S^Ip'k) with electron spin S^. Now B^k is

written as:

•v b ^ -v 3 9ePBgPPN
B^k = -3- , where blk = sin 20.. e Jk . ,

rjk 4 h ' ]

r., , 0., and $ ., are the polar coordinates of the position |

of Ip'k with respect to Sj (HQ: 0jk= 0). !
g and g are the g-values of S-1 and Ip' respectively, >
yB is the Bohr magneton and y the nuclear magneton. :

P.= tgh(fica /2kTL) is the electron spin polarization, where

we is the resonance frequency of the electron spins and

Tj. is the lattice temperature.

g(up) = (6/iT) (6% Up)"
1 , (4.11)

is the shape function connected with the electron spin flip-

flop transitionsi where u is the proton resonance frequency.

In chapter 3 we did not give a precise description of the

nature of g(u ) and the meaning of the width 6. According to

earlier work by N. Bloembergen and by T.J.B. Swanenburg

it appears reasonable to identify 6 with T_ , the transverse

relaxation time of the electron spins. T_ can be calculated
1)in a way as described in reference . Then we find:

T"' = 4TT h(0) S*|A^m|2 . (4.12)
ze m ^

h(u ) is the shape of the EPR line that electron spin S-1
— 1 2 2

belongs to: h(u ) « (E/TT) exp(-co /e ) (eg.4.7). :
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where r. is the distance between the electron spins S-1 and Sm,

and 0. is the angle between r. and H_.

The summation in eq.(4.12) is restricted to the spins S

belonging to the same KPR line as S-1. These spins S1 are

situated randomly in the crystal, which leads-according to
7)

A. Abragain to:

* * 8(NZn+Ne) » "

where the right-hand side summation is extended over all zinc

positions in the crystal. This sum has a constant value and

from now this value is denoted by )'.. N and N,, are the numbers
e Zn

of copper ions (electron spins) and zinc ions respectively, per

unit volume. The resulting transverse electron spin relaxation

rate then reads:
/IT >: N

(T r 1 = * ' (4.13)
2(N +N ) c

An estimate of T_ for our samples at liquid helium temper-

atures and fields of a few kilo-oersteds or more, shows

(T_e) << u , so equation (4.11) for the electron flip-flop

shape function can be written as:

T 1 y. N

g ( O = Pr~ w 2 = r* <4-14>

The three-spin transition probability now becomes:

W^k = -— , (4.15)

where C^k = f. |bf | 2 (1-P̂ ) .
64(NZn

+Ne} V
ikThe probability WJ was calculated for one relaxating

proton spin I*5' at a distance r., from the nearest electron
i .

spin S . Of course all proton spins in the sample contribute
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in the signal we observe. We need however only to consider the

proton spins in the nearest surroundings of an electron spin,

because the probability for the relaxation process decays with

the sixth power of the distance. Owing to the relatively small

number of Cu ions in the crystal, its volume can be roughly

divided into spheres around each ion, containing a large number

of protons and having a radius R of about half the average

distance between the ions. The description of the proton spin

relaxation can now be restricted to the protons within such a

"sphere of influence" of one Cu -electron spin S-" , because

the situation in the other spheres is similar.

As a result of the presence of many proton spins in the

sphere of influence we must take into account the phenomenon of

nuclear spin diffusion. We will proceed our calculation by

distinguishing several limitations (indicated by i, ii, iii and

iv) for this spin diffusion process.

4.6.2. Absence of nuclear spin diffusion,

(i) With absence of spin diffusion we define the situation where

the direct relaxation rate of a proton spin to the nearest

electron spin is greater than the rate of the diffusion flip-

flops, for all proton spins in the sphere of influence. In this

case each proton spin has its own relaxation probability. This

means that the total relaxation of all proton spins to the

equilibrium state can be described with a sum of different

exponential functions of time. The NMR signal of the protons

will exhibit a similar behaviour, so the observed relaxation

function must be of the form:

f (t) <* Z exp(-WDkt) ,
k

(4.16)

where the summation is restricted to the proton spins ~5?'

within the sphere of influence of S-*.

With increasing distance r., , between the protons and the
2 + -*

Cu ion, there is also an increase of the number of protons

with equal distance to the ion and hence equal W-' (neglecting

angular dependence of the interaction). The relaxation function

will therefore be mainly determined by the contribution of the
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r'pro tons in the sphere of influence. These outer protons

arts OISQ responsible for the tail of the relaxation curve,

•fence' the'tail of the relaxation curve is quasi-exponential

•with a tiine constant T,.>, defined by:

(i)'

2

' e

Substitution of the angular average of C-

proportionality:

(i)

then yields the

(4.17)

Several of our experimentally observed relaxation curves

were, non-exponential. In these cases we fitted the tail of the

observed curve to an exponential. So we are allowed to compare

our experimental results with the theoretical formula (4.17),

as will be done below in subsection 4.5.4.

4. 5.Z. Ivcsenae of Kucleav spin diffusion.

In this case we assume the proton spin diffusion to be

faster than direct relaxation to the electron spin, between

the distances r.,= b, called the diffusion boundary, and
JK

r.. = R . Because differences in the proton magnetization are
] K S

smoothed out by the diffusion mechanism, relaxation of the

magnetization can be described by a single value of the

transition probability. This value is obtained by an averaging

of the probability for the individual protons with distanceb

eq

< r .

. (4. 15)
; R

s

c

b 3

from

R3

s

t h e

<=

Cu

Ne

2 + ion. The result is according to

where C is the angular average of C-1 .

Substitution of C now yields for the relaxation rate:

(4.18)
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In the presence of spin diffusion, we can distinguish

between three cases with respect to the limitation (ii, iii

and iv).

(ii) In the total magnetic field experienced by proton spins in

the sphere of influence of an electron spin S , the component

due to S^ is strongly dependent on the distance r.,. Therefore

the resonance frequency of the proton spins will depend also on

their distance to S-'. Because diffusion only occurs amongst

spins that are "on speaking terms", which means that they must

have the same resonance frequency, the diffusion paths will be

limited to the space where the gradient of the field of the

electron spin is relatively small and hence this field itself

is small too.

We define a diffusion barrier b- as the average distance

from the electron spin, inside which proton spin diffusion is

hardly possible because the proton spins are not "on speaking

terms". If we neglect angular dependence, the shift in the

resonance frequency of a proton spin at r.,= bn, is given by:

= ±h (4.19)
Jo

depending on the sign of the direction of S^. This expression

for AQ holds only if S^ varies slowly in time with respect to

the inverse of AQ, i.e. if A0
T2 >> 1.

For the determination of bg we will use the criterion

that the proton frequency shift AQ is equal to a few times

the proton resonance line width, Then eg.(4.19) yields b«.

In that case, expression (4.18) for the relaxation rate

reduces to:
2 2

T"(ii) * ~ 2^~ " (4.20)
e HQ

(iii) In case the electron spin fluctuations are relatively

fast, i.e. AQT- << 1, the shift of the proton res;onance

frequency is determined by the time averaged field of S-1.
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Let PQ = 2<S3> be the electron polarization, then the same

frequency shift, AQ, now occurs at the distance b*, given by:

g y g M p«

(b*)3

For a constant AQ we now obtain (bQ) 0. "0/J-L
for small PQ. By substitution of this result for the diffusion

barrier in eq.(4.18), we find a relaxation rate:

-l
(iii)

(4.23)
e H0

(iv) Beside the above-described barrier for spin difius: ' ••

due to the differences in resonance frequency of the prct :>..•, .

another criterion for restriction of the diffusion may be

decisive. Spin diffusion will only influence the observed

relaxation if the rate of the diffusion flip-flops is greater

than the rate of the direct relaxation. We now define the

diffusion boundary b as the average distance from the electron

spin where the rates of diffusion and of direct relaxation are

equal. For distances r., >b the diffusion will be faster than

direct relaxation and for r., <b it will be slower.

If also a barrier b_ can be assigned to the diffusion, the

greater one of b and b Q will of course be decisive. We now

proceed with the case where b>bQ,b*.

The value of b can be expressed in the quantities

which determine the rates of direct relaxation and spin

diffusion 9' 1 0 )
: b = (C/D)4, where D is the diffusion

coefficient. With eq.(4.18) we then find the following

relation:

C(iv)
,3A (4.22)

At last we want to know the dependence of the diffusion

coefficient on temperature, field and the various concentrations,

in order to obtain a final expression for the relaxation rate.
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V-

Now D RsWa where a is the average proton-proton distance and

W the probability for a diffusion flip-flop, i.e. a flip-flop

between two nearest neighbour protons ' . This probability
-1

can be written as W = T~ , where T, is the transverse proton
<*p ^p ̂ .

relaxation time for nearest neighbours :

fp(0) (4.23)

f (w ) = the proton resonance line shape, and
P IT

4hr
(l-3cos 0kl) originates from the proton-proton

kl

dipolar interaction term tiEkl (iP'kiP' 1+ iP

rP'1 andr, , is the distance between the proton spins Iy> and Ib

Oj, is the angle between r ^ and HQ.

The summation in eq.(4.23) is restricted to the nearest
D k

neighbour proton spins of 1^' only. Because the proton concen-

tration of a sample amounts to ND/(
N
D
+Nd'' w n e r e N

D»
 N

d denote

the numbers of protons and deuterons respectively, per unit

volume, we now may write:

I*|Ekl|2 — 1 E
k l i 2

where the second summation is over all nearest neighbour posi-

tions of the considered proton. In this formula the total number

of nuclear spins N +N, and ^\^2 I a r e constants with respect

to concentrations, field and temperature.

The line shape fp(<<O is measured in all of our samples.

However, the line width does not change very much when the proton

concentration increases from 6% to 100%. The resulting effect on

f (0) will therefore not be significant in our calculations. For

the average proton-proton distance a, there is a simple relation

with the proton concentration: a a N .

These results together yield only a weak dependence of the

diffusion coefficient on the proton concentration:
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D = N_
2p

Consequently we obtain the following expression for the proton

relaxation rate in this case:

s /. i /. •, i /.

N.
- 1

T(iv) .'A HV
(4.24)

H,

4.5.4. Comparison of theoretical and experimental results.

In table 4.Ill the results of the four theoretical cases

are collected together with the experimental results, which are

represented in the last column. These experimental results for

T were obtained in section 4.4, '"-•ora the experimental data of

the proton spin-lattice relaxation time T, . There the experi-

mental data were corrected for the contribution of the electron

spin-lattice relaxation in the proton relaxation path.

In the case of 6%- H, the experimental behaviour of T (TT)
2-1 P

could rather well be described with (1-P.) as shown in chapter

2. For higher proton concentration, the temperature dependence

appeared to be slightly stronger than U-PQ) • Selection of a

theory on the basis of this argument excludes theory (iv)

because there the temperature dependence is much too weak, while

in theory (iii) this dependence is much too strong. Only (i) and

(ii) remain as a possibility.

The experimental field dependence of T diverged from H.

(subsection 4.4.2). For all samples the dependence was weaker

and the best fit could be made with a power of the field of

about 1.0 to 1.2 . In each of the four theories the expectation

does not agree well with this value. The third power in theory

{iii) is however the least probable.

The experimental copper concentration dependence of the

relaxation rate could be described with about the power 2.7 of

the copper concentration. Obviously the diffusion limited

relaxation in theory (iv) gives the greatest divergence. Of the

remaining three cases we could prefer (i) because of the third

power of Ng which approaches best the experimental value. The
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Depen-

dence

on: TU)
(eq.4.17)

-l

(eq.

)
4

Theories

.20) (eq.4

)

.21)

- I
T(iv)

(eq.4 .24)

Exper-

iment

T T ( I - P 5 ) ( I - P ' ) J / I > i-i

,2 . 7

2]
.-v,

2]
a"1/,

2]
,7' ,+ 6

\.

Table 4.III. Survey of the theoretical results for the proton

relaxation rate dependences on the temperature, the field

and the concentrations. The last column contains the experi-

mental results, corrected for the contribution of the electron

spin-lattice relaxation in the proton relaxation path.

1] P~ is a function of both T and H.. The given field depen-
..

dences of the proton relaxation rate were determined aside

from dependence on 1~P2Q-

2] The EPR line width z increases about a factor two if the
1 1

proton concentration is raised from 6%- H to 100%- H.
l /

This yields the proportionality of about z <* N h.
3] N , i.e. a small positive power of N : the experimental

proton relaxation rate increases a factor three if theproton concentration is raised from to 100%-1H.

latter one was however determined with only two samples of one

proton concentration so theories, yielding the square of N ,

may not simply be excluded.
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Finally, the proton concentration dependence in the

experimental data for the proton spin-lattice relaxation time,

and hence in the results for T , shows a behaviour that cannot

be recognized in either one of our theoretical results (see

fig.4.10). The only agreement that can be found is the increasing

relaxation rate with increasing proton concentration of theory

(iv), which corresponds roughly with the experiments.

Summarizing these arguments we conclude that none of the

four described theoretical cases with respect to the spin

diffusion limitation of the proton relaxation gives a complete

description of all of our experimental results. Since our

measurements of temperature and field dependence could be

performed most accurately, we must however exclude the cases

(iii) and (iv). Consequently, two possible theories remain:

case (i), no spin diffusion, or case (ii) , complete spin dif-

fusion. It shovnd be noted, however, that in the case where

spin diffusion is absent, the observed relaxation function

always has to be non-exponential, whereas in the case of

complete spin diffusion the relaxation function should be

completely exponential. Most of our experimental relaxation

functions appeared to be exponential, where the main exception

consisted of the measurements in the 12%- H sample at lower

fields. Therefore the proton relaxation mechanism most probably

involves complete proton spin diffusion (theory (ii)).
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V.

CHAPTER 5

NUCLEAR-NUCLEAR DOUBLE RESONANCE

5,1. Introduction,

We performed nuclear-nuclear double resonance measurements!

supplementary to the proton spin-lattice relaxation experiments

described in the previous chapters. By means of these double

resonance measurements, we investigated the relaxation paths of

the magnetic energy from one nuclear spin species to another

one, in order to obtain an alternative support of the thermo-

dynamic model, used for the explanation of our proton spin-

lattice relaxation experiments.

The double resonance measurements were carried out in the

same series of diluted copper caesium Tutton salts as the spin-

lattice relaxation measurements: (Cu,Zn)Cs_(SO,)o.6<H,D)~0
2 +

with about 0.5%-Cu and five different deuteration percentages,

varying between 0 and 941. The five samples are denoted by

their distinct hydrogen percentage in the waters of hydration

in the following text, e.g. 6%- H for the 94% deuterated sample.

As discussed in chapter 4, the copper ion concentration appeared

to be slightly different from the face value of 0.5%. In table

4.1, a survey of the samples has been given.

The present chapter contains the results of our deuteron-

proton and caesium-proton double resonance experiments with an

explanation based on the thermodynamic model, previously

presented in section 4.2.

5,2. The thermodynamic model.

In the previous chapter, we simplified the model used in

chapter 3 for the explanation of the proton spin-lattice

relaxation measurements in our 6%- H sample, which were

presented in chapter 2. This simplificatior, yielded a model
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with only three independent spin systems apart from the lattice.

As we were only interested, at that time, in the relaxation of

the proton Zeeman energy to the lattice, we did not consider

the Zeeman system of the caesium nuclei, because this system

contributes only to a small extent in the final results for

the proton relaxation time. Since we are now discussing the

deuteron-proton as well as the caesium-proton double resonance

experiments, we need to consider both the deuteron and the

caesium Zeeman system for the thermodynamic interpretation of

the results. The model is depicted in figure 5.1.

The Zeeman interactions of the proton and deuteron spins

in the waters of hydration, and of the spins of the caesium

nuclei are represented by the nuclear Zeeman systems, abbre-

viated as PZS, DZS and CsZS respectively. T = 1/ky , d

and T = l/kYc are their respective spin temperatures.

The dipole-dipole interactions and the hyperfine inter-

actions of the electron spins could be represented in most

cases, discussed until now, by one combined spin system:

the electron non-Zeeman system (ENZS) with a spin temperature

TENZ =

TV

CsZJ S-

iac ea r ele- i t 'on latt ice
;'eeman non-Zeeman

systems sys tem

Fig.S.I, Thermodynamic model of deuterated diluted copper-

caesium Tutton salts, as explained in the text.
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In the discussion of the angular dependence of the double

resonance effects in subsection 5.5.4, we will consider the

electron dipole-dipole interaction system (EDDS) and the hyper-

fine interaction system (HFS) separately again. This means that

we will assume the time constant T , of the cross-relaxation

process between the EDDS and the HFS, to have a finite value,

so this process cannot be completely neglected in the relaxation

paths of the nuclear magnetic energy. Hence the EDDS and the

HFS will have different temperatures in that case. Because we

will only give a qualitative result of the separation of these

systems in our angular dependent double resonance measurements,

a rigorous treatment of the cross-relaxation process is omitted

> here. We will use in our discussion relatively very small values

-,' of the time constant T , SO it is allowed to consider the
' C JTO S S

[ EDDS and the HFS to be one combined spin system, the ENZS, in
: the explanation of our other double resonance experiments, as

well as of our previously described proton spin-lattice

relaxation experiments.

The thermal contacts between the nuclear Zeeman systems

and the ENZS, are provided by coupling processes, denoted with

their characteristic time constants in fig.5.1.

In chapter 3, a detailed description was given of the

proton three-spin process, which maintains the contact between

the PZS and the ENZS. In this three-spin process, two electron

spins and one proton spin make a simultaneous transition. By

this process, the proton Zeeman energy can be transferred into

electronic dipolar energy (T ), and into hyperfine energy (t*)

(see fig.5.1). The last transfer is dependent on the direction

of the external field with respect to the magnetic axes of the

sample. In chapter 3, where only the proton three-spin process

was studied, the time constants T and T* were called Ta = 1/W.
P p A A

and x = 1/W_ respectively. W^ denoted there the angular

independent ("non-resonant") part, and W the angular dependent

("resonant") part of the transition probability for the proton

three-spin process.

We assume similar three-spin processes for the contacts

between the DZS and the EDDS (x^) or the HFS (x*), as well as
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between the CsZS and the EDDS (T ) or the HFS (T ).
L- S OS

In fig.5.1, the resonant part of these coupling processes

is indicated with a dashed line. Because the EDDS and the HFS

are considered to be one system in the following discussion/ we

will simply indicate the coupling processes with one symbol
each: T , T-, and T It must be noted however that these, T-, and T C .

symbols represent both the non-resonant and the resonant part

of the process.

The model, as depicted in fig.5.1, can be described by a

set of four differential equations, each expressing the time

dependence of an inverse temperature of a spin system:

at Tp
(5.1a)

at
(5.1b)

k
Cs

(5.1c)

, D2, D3 and are ratios of the heat capacities of the spin

systems and can be approximated by:
2

4N

32N

1.5N

84N

y

_ CO
n

A
e

Cs

P

2

2

Z

WCS

5N A2

e z

as explained in chapter 4.
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W, and W_, represent the influence of a saturating r.f. field;
d L» s

heating respectively the DZS and the CsZS.

The HFS and hence the ENZS relaxes via electron spin-lattice

relaxation (T. ) to the lattice at a temperature TT = l/k8T .x e Ju J_I

5.3. Experimental methods.

In our nuclear-nuclear double resonance experiments we are

interested in the relaxation path for the magnetic energy of

respectively deuteron and caesium spins to the proton spins.

Therefore, we determine the behaviour of the temperature of the

PZS (1/ky ) as a result of a change in the temperature of the

DZS (1/kyJ or the CsZS (1/ky,, ). A proper way to investigate

the temperature of a spin Zeeman system is the observation of

the intensity of the magnetic resonance signal of those spins.

As can be easily found, in the high temperature approximation

this spin resonance signal intensity is proportional to the

inverse temperature of the spin Zeeman system. We may, in other

words, identify the proton resonance signal size with Y , in

our experiments. This holds similarly for the other nuclear spin

species in our sample.

Now the temperature of a spin Zeeman system can be increased

by strong irradiation of the sample, at the resonance frequency

of the spins that we consider, causing a saturation of the

resonance signal of those spins. The heat, which is supplied to

the spin system in this way, will be draining via the various

thermal contacts to the other systems and the lattice.

Afterwards, if the irradiation and thus the heat-supply to the

Zeeman system is stopped, the heat-flow to the lattice will

continue until all spin systems are at lattice temperature.

The experimental equipment used for our measurements is

described in chapter 2. An NMR spectrometer with a Q-meter

system and phase-sensitive detection provides the proton

resonance signal. For the nuclear-nuclear double resonance

experiments, our apparatus is extended with an r.f. sweep

generator with sufficient power amplification in order to

irradiate the sample at a modulated frequency, independent from

the measuring frequency.
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5.4. E'xper imer.tai procedure .

5.4.1. The double vesonar.ca effect, Q.

In this section, the experimental procedure is described

by the explanation of deuteron-proton double resonance measure-

ments in the 12%- H sample at a field of 6.76 kOe and a temper-

ature of 1.3 K. The field direction was chosen precisely along

the K. axis of the crystal.

We start our experiment with the sample in a state of

thermal equilibrium, where the proton resonance signal has an

intensity corresponding with the PZS at lattice temperature,

so y has the value (kT.)~ , just as Y,, Y C and P. Strong

irradiation on the deuteron spins in our sample and hence

heating the DZS causes a decrease of y, to zero. Now a heat-

flow from the DZS to the lattice will arise, meanwhile heating

the ENZS as well as the PZS and the CsZS (see fig.5.1).

Heating of the PZS is observed via the decrease of Y ,

as represented in fig.5.2 for several time intervals of strong

irradiation on the deuterons. If this heating of the DZS is

applied during a long time, a stationary state will be reached

where the temperatures of the various systems do not change

anymore, so Y +. = 8 , , where the index st denotes the
Pz st st

stationary state. The value of Y is indicated in fig.5.2
p, s t

with the dotted line.

In the following section, several aspects of the just

described experiment will be considered. First we present the

results obtained for Y ,., under various experimental circum-
P/St

stances. The results are given by means of a relative quantity:

the double resonance effect Q. In our experiment, Q equals the

relative decrease of the proton resonance signal intensity

after long and strong irradiation of the deuteron resonance.

In our model, this effect can be written as Q = 1- Y ^./PT •
p / S t. Li

Because Y^ +. = 3 . / Q is a measure for the difference in the
P f at St

strength by which the ENZS is coupled to the DZS and to the

lattice respectively. By solving the set of differential

equations (5.1a) to (5.Id) in the stationary situation, we

obtain a theoretical expression for the expected relative
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1 PI

5 f !'
0.0

t i m e

Fig.5.2. Results of deutevon-proton double resonance measure-

ments in the 12%- H sample at 6.76 kOe and 2.3 K, for several

time intervals of strong saturation of the deuteron resonance

(proton signal suppressed) and relaxation of the proton signal

afterwards. y and 3r are the inverse temperatures of the PZS

and the lattice, respectively .

value of B s t, in the approximation W"d = « ; W C g = 0 :

(5.2a)

hence Q can be expressed as:

Q = 1 - 1 + (5.2b)

In the approximation W^ = 0 ; W C s = <» , we may simply replace

D 2 and xd by D 3 and T C S respectively, in eqs.(5.2a) and (5.2b),

to obtain the correct expressions for 8 / 3T and Q.
SC LJ

5.4.2. Time dependence of y : time constants T ,. and jn
c p d*p Cs-*p

The second aspect of the double resonance experiment to be

considered in section 5.5, is the behaviour of y as a function

97



T

of the time. The time dependence of y after a short strong

heating of the PZS is studied in our proton spin-lattice relax-

ation experiments, described in the previous chapters. This

relaxation of y to flT was characterized by the time constant
P L

T . With the double resonance method we can also determine the
J-P

dependence of y on '.he heating time of the DZS, during the

decrease to its stationary value, as discussed before. Our

experimental equipment does not permit us to observe y during

the heating of the DZS. However, by simple variation of the

heating time interval and registration of y each time

immediately afterwards, y (t) can be measured in this situation.

In fig.5.2 the results are given for five values of this heating

time interval. The course of y (t) is indicated with the dashed

curve. In a number of cases we could approximate this V_(t) by

a single exponential. The time constant of this function is

denoted T d y p.

Caesium-proton double resonance can be performed in a way

similar to the deuteron-proton measurements described until

now. The description is completely analogous and we can also

determine the double resonance effect, denoted by Q_ , and
L- S "** p

the time dependence of y , characterized here by the time

constant T C g > p.

After "indirect" heating of the PZS, via DZS or CsZS and

ENZS, y relaxes to p. again. This relaxation is shown in fig.

5.2 as well. It will be characterized by the time constant T *.

Because of the small signal to noise ratio in the double

resonance experiments compared to the previously described

spin-lattice relaxation experiments, the accuracy in the results

will be smaller too. Moreover, it must be remarked that experi-

mentally observed quantities as id and T_ y cannot easily be

related to parameters as T ,, T~ , T and T . The only way of

determining such a relation is to solve the set of differential

equations (5.1a) to (5.Id), numerically.

Therefore the discussion in section 5.5 can only be given

qualitatively.
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5.5. Experimental I'coiiltv.

We measured the double resonance effect, Q, and the time

constants T, and !„ ^ , from Yp(t), in the five samples of

copper caesium Tutton salt, given in table 4.1, for various

field values and two temperatures 1.3 and 4.3 K. In a few cases

we also determined the dependence of Q on the angle 'I1 between

H and the Kj axis of the crystal, for small values of t. Both

deuteron-proton and caesium-proton double resonance were

observed.

The results of this investigation show values of Q between

zero and seventy per cent. In most cases the effect was smaller

than twenty per cent, which implies, in view of the signal to {

noise ratio, that only order of magnitude estimates of Q can be

made. Discussion of the cases where the effect is greater v/ill ;

be performed in more detail. x ,'

I
5.5.1. Frequency dependence of the doulle rccor.ar.c;; off cat. '

In order to ci>eck the reliability of our double resonance

measurements, we determined the relative decrease of the proton i

signal intensity after long and strong irradiation on the sample,

at various frequencies. Such a decrease will occur if we

saturate the resonance of one of the present nuclear spin

species, so we must expect a maximum decrease exactly at the

resonance frequencies of the deuteron spins and the caesium

nuclear spins. This maximum decrease is in our experiments

identified as the double resonance effect, Qd.vp and QCs.,.D»

respectively. For other frequencies, no effect is to be

expected, if our assumption for the mechanism, which causes

the nuclear-nuclear double resonance, is correct.

In fig.5.3, the results of the irradiation frequency

dependence of the effect are represented for the 6%- H sample

at a field of 5.73 kOe and a temperature of 1.3 K. The field

direction was exactly along the K.. axis. These results imply

values for Q of about 0.5 at the resonance frequencies v^ and

v,, of the caesium and deuterium nuclear spins. At frequencies

next to the latter one, the effect has not vanished completely
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because the deuteron re' onance is extended over a broad

spectrum, due to quadrupole splitting. The caesium resonance is

.6

• •**

.2

+7

Cs P

irradiation frequency

5 MHz .1

Fig. 5.S. Frequency dependence of the double resonance effect Q,

in the 6%- H sample at 5.73 kOe and 1.3 K. HQ was parallel to

the K, axis, A frequency sweep was used, indicated by the

"butterflies".

2

00

4 6 MHz

irradiation frequency

Fig. S.4. Frequency dependence of the double resonance effect Q3

in the 50%-• H sample at 6.76 kOe and 1.3 K. A frequency sweep

was used, indicated by the "butterflies". H. was rotated with

respect to the K- axis, as explained in the text.
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splitted as well, but the width of the spectrum is much smaller

than that of the deuterons. The extent of these spectra is the

reason for using an irradiation frequency which is swept over

a small interval, in order to cover more lines in the spectrum.

This frequency sweep is indicated in fig.5.3 with the

"butterflies" on the measuring points.

Irradiation further above or below the resonance frequen-

cies did not result in an appreciable effect anymore, which

proves that we were observing a "real" double resonance contact

exactly at v and v,.

In other samples similar measurements were performed.

Results for the 50%- H sample are given in fig.5.4. In this

case, the temperature was 1.3 K and the field 6.76 kOe.

The field direction was rotated 1.3 degrees with respect to

the K axis, which creates the situation where nuclear Zeeman

energy can only be transferred into dipolar energy of the

electrons (see fig.5.1). This results in a smaller value of

Q compared to the K-̂  axis. The angular dependence of Q is

treated in subsection 5.5.3.

In general we found only minor quantitative differences

between the deuteron- and caesium-proton double resonance

measurements, except in the 10 0%- H sample, where the deuteron

concentration is obviously too small. In the 5C%- H sample,

Q, already appeared to be relatively less than for higher

deuteron concentrations.

5.5.2. Field and temperature dependence of the double resonance

effect.

In the 12%- H sample, we measured Q for three different

values of the field. Table 5.1 contains the results for 1.3 K,

while the field was directed along the K axis. The relaxation

curves of the proton spin-lattice relaxation, both after

indirect saturation - via a double resonance contact - of the

proton signal (T * ) , and after direct saturation of the proton

signal (T ), appeared to be non-exponential for this sample

in the low field region. In table 5.1, the time constants of

the tail of these relaxation curves are given, as well as the
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Ho
(kOe)

11.3

6.7o

5.73

Observed

contact

d •*

Cs-»

d •>

d ->

Cs-

P

P

P
P

P
P

Q

0.22

0.17

0.56

0.56

0.68

0.67

T

(s)

61

54

15

17

13

14

T^Ctail)

(s)

« 100

« 100

« 70

« 60

« 50

« 50

Tlp(tail)

is)

60

49

40

'"able b.l. i'.xvevimer.to.l results for Qj^^, Q •„ ,.» u M for

T , ̂  i?: t/zt? 12%- fJ aamrlc. The temperature u'as l.Z F. and

was parallel to the A'., ux's uf the crystal. The Oa1u.es fo

and i"j are explained in the text.

-i t

time constants T,^ and !„ ^ , obtained from the observed

curves for y (t) (subsection 5.4.2).

Q shows, according to table 5.1, an increase with decreasing

field. For an explanation in terms of our thermodynamic model,

we need to know more about the field dependence of the time

constants T, and T .

Because of the manifold splitted and broad spectrum of the

deuteron resonance, a direct observation of the relaxation sig-

nal and hence investigation of x , appeared to be very difficult

and could not be performed in a proper way, within a reasonable

space of time.

About the caesium spin-lattice relaxation, we obtained,

only very recently, some information. Although the caesium

resonance also exhibits a splitted spectrum, the signal to

noise ratio appeared much better than that of the deuteron

resonance, as a result of the narrow caesium resonance lines.
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At one field of 11.9 kOe the angular and temperature

dependences of the caesium spin-lattice relaxation time, T

were measured in the 12%- H sample near the K. axis. These

measurements could, however, not be prepared in time for

publication in this thesis. The provisional results will be

given in the discussion of the temperature- and angular

dependence of Q, respectively.

As mentioned in section 5.2, we will assume for the DZS-

ENZS contact (x ), as well as for the CsZS-ENZS contact (x ),ct t_. s
processes similar to the proton three-spin process which explains

the contact between the PZS and the ENZS (T ). This deuteron

and caesium three-spin process will consequently be described

by a transition probability, which behaves, as a function of

field and temperature, in an analogous way as the proton three-

spin probability. This means that we must assume x, and x to

increase with the magnetic field, and to be only weakly depen-

dent on the temperature, with a factor U-PQ) / where PQ is

the electron polarization.

A temperature dependence with (l-P-)" has been observed

in the recent measurements of T^p . Because Xp will be closely

related to T 1 C g, we must also expect such a behaviour of Xp .

The time constant, T, , of the electron spin-lattice

relaxation, which is the second process in the relaxation path

of the deuteron or caesium Zeeman energy (see fig. 5.1) , can be

approximated by T. <* Hn T , for most of our experimental

conditions '.

If we assume x and x to depend similarly on the field-

strength as x (chapter 4), it can be calculated with expression

(5.2b), that we must expect an increase of Q with decreasing

field-strength, which agrees very well with the experimental

results for Q(HQ) , given in table 5.1. In other samples and at

4.3 K, this same behaviour of Qd and Q was observed.

Concerning the temperature dependence of Q, we only have

to compare x or Tr and T in eq.(5.2b), because the heat

capacities do not depend on the temperature. The three time

constants all decrease with increasing temperature but the T~
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in T, is stronger than the expected (1-Pn) in x, or T C , for

small values of P.. Hence we also expect a decrease of Q with

increasing temperature. As far as experimental data are available,

they agree with this behaviour.

Comparison of the observed time constants T. and T. ,

shows that they are similar in magnitude and have the same

dependence on the field, although the relaxation after indirect

saturation of the PZS is about 40% slower. Because of the much

smaller signal to noise ratio in this situation, the time

constant T.. can only be determined with a small accuracy.

Therefore T, and Tj* could in principle be determined by the

same process (x ), as would be expected in view of our model.

According to the definition of T ^ - in subsection 5.4.2,

we must expect this time constant to describe the relaxation

of magnetic energy from the DZS to the ENZS and finally to the

PZS and the lattice. This implies that x^, T and T^ , as; well

as the heat capacities of the systems involved, can influence

x, . In chapter 3 it was found that T increases linearly or

somewhat stronger with the field. Owing to the polarization

factor (1-PQ) in T , this field dependence appears to be

even stronger. Because T, is expected to behave similarly,

a large contribution of x or xd in T^ could explain the

observed field dependence of T,+ . T. , however, behaves

entirely contradictory and hence we may conclude that the

electron spin-lattice relaxation does not have an appreciable

ir luence in x, . The same conclusions can be drawn for T.

on the basis of a completely analogous argument.

5.5.3. Angular dependence of the double resonance effect.

From our proton spin-lattice relaxation experiments it

appeared that the coupling process between the PZS and the ENZS

is very strongly angular dependent. Because similar coupling

processes between the other nuclear Zeeman systems and the ENZS

are assumed, such an angular dependence is also expected in XJ

and TCs' and hence also in the double resonance effect C.

Therefore we investigated Q as a function of the angle
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between H. and the K. axis of the crystals. This investigation

was carried out only in a few relevant situations, because of

the large amount of time, these experiments take up. One feature

in the angular dependence of Q was observed, however, under all

applied conditions in these measurements. As remarked in sub-

section 5.5.1, the Q-values at the K, axis (indicated by *.)

each time appeared about twice the value we found at angles

($,, ) where nuclear Zeenvi energy can only be transferred

into electron dipole-dipole energy, because the resonant parts

of the coupling processes do not contribute at those angles

(see fig.5.1).

The most obvious results are collected in table 5.II, for

three different samples at 1.3 K and 6.76 kOe. In this table

the measured time constants T, , T. and T. are also given.

Q is defined, in the previous section, as a measure for

the stationary temperature of the PZS, if the DZS or the CsZS

is heated during a long time. Because the ENZS is the only

system with which the PZS can exchange energy, their stationary

Sample

12%-1H

25%-1H

50%-1H

Angle

*0

*flat

*0

*flat

*0

*flat

Qd+p

0.56

0.32

0.49

0.27

0.30

0.17

Td-+p
(s)

15

24

33

53

19

30

T1*(tail)

(s)

PS 70

w 70

« 90

iw 80

ts 40

ra 40

Tlp(tail)

(s)

49

38

57

58

37

34

Table 5.II. Experimental results for Q, and T . at 1.3 V.

and 6.76 kOe, for each sample at two angles between TiQ and the

Kj axis of the crystal: $„ where H//Kj axis and

angle ohere only the angular independent parts c
flat
the

is aK

processes contribute. The Values f

in the text (see table 5.1).

for 7', and are exv
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temperatures will be equal, so Q will be completely determined

by 3 of the ENZS (see eqs.(5.2a) and (5.2b)). In this way,

the observed field and temperature dependence of Q could

qualitatively be explained. For an explanation of the observed

angular dependence of Q, illustrated with the results in table

5.II, we will now consider the behaviour of 3 t(*) due to the

assumed angular dependence of !„ . The following argument is

given for the caesium-proton double resonance, oecause we have

recently obtained a few experimental data on caesium spin-lattice

relaxation. We can expect the description for the deuteron-

proton double resonance to be analogously. Since the heat

capacities, of the spin systems involved, are practically not

angular dependent under our experimental conditions, we will

neglect this dependence in the further discussion. This holds

likewise for the electron spin-lattice relaxation rate.

According to our assumption of a caesium three-spin process

(T_ ) similar to the proton three-spin process (T ), we must

expect the angular dependence of xc to correspond with the

angular dependent probability of a simultaneous transition of

one caesium spin and two electron spins.

In chapter 3, this problem was treated for the proton

three-spin transition. Such a transition can take place if the

change in the proton Zeeman energy is about the opposite of

the change in the total energy of the two electron spins.

We found a constant term in the transition probability and

besides a strongly angular dependent term, previously calleu

the resonant term, the value or which is maximum at small

angles ±*m# between HQ and the K1 axis of the crystal. The

value of $ is determined from the rotational diagram of the

EPR spectrum. At ±4> next to the K. axis, the frequency dis-

tance between two diverging EPR lines, crossing at the axis,

is about equal to the proton resonance frequency. In this

situation a maximum number of electron spins can participate

in a simultaneous transition with a neighbour electron spin

and a proton spin.

If we now consider caesium nuclei instead of protons,

participating in a three-spin transition, the difference in
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0.04 degrees, on both sides of the K. axis. As the width

Zeeman energy between these two nuclear spin species results in

a difference in the angle * , where the resonant term in the

probability is maximum. In the linear approximation, this angle

decreases proportional to the resonance frequency, i.e. a factor

7.7 . Since *m is about 0.3 degrees for protons, in our samples,

we must expect a maximum in the caesium three-spin probability

at $

of these resonant peaks in the three-spin probability, is of

the order of the EPR line width, th«y will practically coincide

because of their very small angular distance. From this

consideration it can be concluded that T_ ($) has a constant

level, except for a decrease of about 50% near the K. axis.

In fig.5.5, the relevant part of the rotational diagrams

in the vicinity of the K. axis is outlined. In the upper part,

the expected behaviour of T C (*) is given to a relative scale,

where T is identified with the inverse of the probability.
L» S

Such a behaviour is actually observed in the above-

mentioned, recent measurements of the angular dependence of

the caesium spin-lattice relaxation time, T1(_, . Because T will

be closely related to T._ , we must also expect such a behaviour

of xc ($), owing to these experimental results. This confirms

our assumption about the process which maintains the contact

between the CsZS and the ENZS.

The course of f ($) is also represented in the upper part

of fig.5.5. The lower part of this figure contains a section

of the EPR rotational diagram, showing the relation between

the angles * and $ c , where the maximum probability - or

minimum time constant - occurs for the proton and caesium

three-spin processes respectively.

For the time constant T,, of the assumed deuteron three-
d

spin process, we may expect a similar dependence on the angle

as for xc . Because the deuteron spins have a gyromagnetic

ratio of the same order as the caesium spins, the shape of

Td(<J>) is expected to be about the same as for T ($) .

With this predicted angular dependence of T, and x ,

the behaviour of Q can easily be calculated (eq.5.2b).
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Fig. 5.5. Angular dependence of x , and x ir. the upper part,

and of two EPR frequer.si es in the lower part. <t> denotes

H //K axis. For the angles ±<5>̂  ,.n and ±* between H and

the X axis, the probability of respectively the caesium

and the proton three-spin process, is nazi'ium. At $_,,. ,

only the angular independent parts of the coupling processes

contribute.

Q(<J>) will also have a constant level except near the K, axis,

where its value increases somewhat less than a factor 2.

This explains qualitatively the experimental results mentioned

at the beginning of this section and partly given in table 5.II,

With regard to the values of T * and T. in this table,

we may refer to the remark in the discussion of table 5.1,

subsection 5.5.2: T * and T, could in principle be determined

by the same process (x ).
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The values for T , / i n table 5. II, show an obvious rela-
d->-p

tion with the angle * for each of the samples. The results are

given for the K. axis, $„ , and for an angle, <!>,, . , in the flat

part of T (<S>) (see fig.5.5). T-,V at <f> appears each time to

be about 40% smaller than at 4>f,

As mentioned in the discussion of table 5.1, we must expect

T. to describe the relaxation of magnetic energy from the DZS

to the ENZS and finally to the PZS and the lattice. This implies

that T,, T and T. , as well as the heat capacities of the sys-

tems involved, can influence T- . Now the angular dependence

of T.^ , as given in table 5.II, corresponds with the behaviour

( T (<!>
p I

of T,(<I>), rather than with T (<!>) (T (<i>.)
Q p p U

) see
p p p

fig.5.5 and fig.4.3). Therefore we must conclude that T,^

under these circumstances will be mainly determined by the

thermal contact between the DZS and the ENZS ( T , ) .

In a few cases, the angular dependence of Q was measured

in more detail than given in table 5.II. It was found that Q

does not decay monotonously from the maximum value at the

K. axis to the smaller value at the constant level, further

away. Q appeared first to decrease sharply from its maximum

value to a value smaller than the constant level, before

increasing again. This behaviour is represented in the

figs.5.6 and 5.7.

.6 -

.U

'd-p

.2

0.0

9 \
I 9

I \
\ 6

1/
I °

K, axis

{

0° 0 1°

Fig.5.6. Experimental results for the angular dependence of

Q, in the 12%- H sample at £.73 kOc and 4.3 K.
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Fig. 8.7. Experimental results for the angular dependence of

Qr in the SOX-1H sample at 6.76 kOe and 4.3 K.

For an explanation of this "extra" decrease we have

introduced in our thermodynamic model again a finite value for

the time constant T , of the cross-relaxation process
Ci OS S

between the EDDS and the HFS (see fig.5.1). Until now, we have

supposed that these systems are so strongly coupled that they

can be described with a single spin temperature, i.e. that they

can be combined to form one spin system, the ENZS.

The consequences of the separation of the ENZS in our model

now, has already been indicated in fig.5.1. The resonant parts

of the coupling processes between the nuclear Zeeman systems and

the ENZS, now provide the contacts between the nuclear Zeeman

systems and the HFS (dashed lines in fig.5.1). The time constants
of these resonant processes are marked with stars (x

P'
and

T *) indicating their angular dependence. The non-resonant parts

of the coupling processes, now only provide the contacts between

the nuclear Zeeman systems and the EDDS.

This model can be described with five differential equations

for the inverse temperatures of the five different systems.

The resonant and non-resonant contacts must be represented by

separate terms in these differential equations. Numerical

calculations in this model, with different values of

cross
5 0 m s

2) always yield an extra decrease of Q at the
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angle * where i* is minimum. Although this calculated

decrease is less than the observed one, an influence of the

cross-relaxation process in the relaxation path of the nuclear

magnetic energy and hence in the stationary temperature of the

PZS, could explain the observed angular dependence of Q.

With the values used for T__._ in the calculations of Q,

we also checked the calculations of the proton spin-lattice

relaxation time, presented in chapter 4. No significant changes

in the results were found, due to the introduction of these

cross-relaxation time values in the coupling between the EDDS

and the HFS.
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SAMENVATTING

In dit proefschrift is een onderzoek beschreven naar het

kernspin-roosterrelaxatiemechanisme in een serie verdunde

kopercesium-Tutton-zoutkristallen met verschillend deutererings-

percentage. In de afgelopen jaren zijn aan dit soort verdunde

paramagnetische preparaten vele experimenten verricht, zoals

dynamische kernpolarisatie (DNP), electron-kerndubbelresonantie

(ENDOR), electron- en kernspin-roosterrelaxatie. Op basis van

de hierdoor verkregen gegevens werd een thermodynamisch model

voor deze preparaten opgesteld. In dxt model wordt gebruik

gemaakt van zogenaamde spinsystemen, gedefinieerd volgens het

criterium, dat de processen die tot intern evenwicht van een

dergelijk systeem leiden, veel sneller zijn dan de processen

die dit evenwicht verstoren.

In koper-Tutton-zouten kunnen we op de volgende wijze

spinsystemen definiëren. Deze kristallen bevatten Cu -ionen,

die een electronspin S='/2 en een kernspin I =3/2 bezitten.

Omdat de Cuz+-ionen twee magnetisch verschillende rooster-

plaatsen in het kristal bezetten, neemt men in het algemeen

twee stelsels van koper-EPR-lijnen in het spectrum waar.

Deze stelsels bestaan elk uit vier lijnen als gevolg van de

hyperfijnwisselwerking tussen de electronspin en de kernspin

van het koperion. De electronspins kunnen daardoor verdeeld

worden in acht groepen, volgens hun resonantiefrequenties.

Dit leidt tot het introduceren van acht electron-Zeeman-

systemen in het thermodynamische model van deze zouten.

Alle dipolaire wisselwerkingen tussen de electronspins zijn

vertegenwoordigd in een apart spinsysteem: het electrondipool-

dipoolsysteem (EDDS). Uitwisseling van energie tussen het EDDS

en de electron-Zeeman-systemen komt tot stand door het zogenaam-

de cross-relaxatieproces waarbij twee electronspins, die tot

verschillende EPR-lijnen behoren, een "flip-flop" overgang
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maken.

Naast de koperkernspins, bevatten de kristallen andere

kernspins, te weten proton- en deuteronspins in het kristal-

water en cesiumkernspins, waarvan de Zeeman-wisselwerking in

het model wordt vertegenwoordigd door de kern-Zeeman-systemen

(afgekort PZS, DZS en CsZS).

Uitwisseling van magnetische energie tussen de spinsystemen

kan geschieden via zogenaamde warmtecontacten. Er kan ook mag-

netische energie worden omgezet in trillingsenergie van het

kristalrooster via spin-roosterrelaxatie. In het thermodyna-

mische model wordt dit rooster beschouwd als een warmtereser-

voir met oneindige capaciteit.

Een belangrijk punt in het thermodynamische model is het

warmtecontact tassen de kern-Zeeman-systemen en het EDDS.

De bestudering van dit warmtecontact was het hoofdonderwerp

van het onderzoek dat in dit proefschrift is beschreven.

De meetresultaten die in de hoofdstukken 2 en 4 zijn

gepresenteerd, werden verkregen uit protonspin-roosterrelaxatie-

metingen in een serie gedeutereerde kopercesium-Tutton-zouten

met deutereringspercentages van 6, 12, 25, 50 en 100%. Het be-

langrijkste kenmerk van deze metingen is een sterke hoekafhanke-

lijkheid van de protonspin-roosterrelaxatietijd T^ , van de

oriëntatie van het magneetveld ten opzichte van de kristalassen,

in het bijzonder vlak bij de K.- en K.-as. De sterke hoekafhan-

kelijkheid van T wordt verklaard door aan te nemen dat het

relaxatiepad als volgt verloopt: er is een warmtecontact tussen

het PZS en het EDDS; de cross-relaxatie draagt de dipolaire

energie over aan de electron-Zeeman-systemen; ten slotte wordt

de Zeeman-energie via electronspin-roosterrelaxatie overgedragen

aan het rooster.

Er wordt aangetoond dat onder de meeste experimentele

omstandigheden het warmtecontact tussen het PZS en het EDDS

de begrenzende factor in de protonrelaxatie vormt. Dit houdt

in dat onze protonspin-roosterrelaxatiemetingen ons in staat

stellen de tijdconstante van dit warmtecontact te bepalen.

Het microscopische proces dat dit warmtecor.tact tot stand

brengt, is een gelijktijdige overgang van twee electronspins
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en een protonspin (de zogenaamde drie-spinovergang), waarmee

proton-Zeeman-energie wordt omgezet in electronspindipool-

dipoolenergie. Dit drie-spinproces kan ook proton-Zeeman-energie

direct ii. hyperfiinenergie van de electronspins omzetten.

Het deel van de drie-spinovergangswaarschijnlijkheid dat deze

energieomzetting beschrijft, geeft echter alleen een bijdrage

bij zeer bepaalde hoeken tussen het veld en de kristalassen,

waar het frequentieverschil tussen twee EPR-lijnen in het

spectrum gelijk is aan de protonresonantiefrequentie. We hebben

het daarom het "résonante" deel van het proces genoemd.

In hoofdstuk 3 is een beschrijving en berekening van het drie-

spinproces gegeven.

Door aan te nemen dat er warmteconcacten bestaan tussen

het DZS en het EDDS, respectievelijk tussen het CsZS en het

EDDS, onderhouden door processen analoog aan het proton-drie-

spinproces, kunnen we de resultaten verklaren van zogenaamde

kern-kerndubbelresonantiemetingen. Bij deze dubbelresonantie-

experimenten verzadigen we het resonantiesignaal van de

deuterium- of cesiumspins en nemen het effect waar op het

protonresonantiesignaal. De resultaten hiervan zijn in hoofd-

stuk 5 gegeven.
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STUDIEOVERZICHT

Ka in juni 19 63 het diploma HBS-B aan het Rembrandt Lyceum

in Leiden te hebben behaald, begon ik in september van dat jaar

mijn natuurkunde studie aan de Rijksuniversiteit te Leiden.

Het kandidaatsexamen natuur- en wiskunde met bijvak scheikunde

(d1) legde ik af in 1968. In de daarop volgende jaren vervulde

ik mijn militaire dienstplicht.

Vanaf augustus 1970 ben ik op het Kamerlingh Onnes Labora-

torium werkzaam geweest in de werkgroep "Magnetische Resonantie"

(FOM VS L-I) , welke onder leiding staat van prof. dr. N.J. Poulis,

dr. W.Th. Wenckebach en dr. T.O. Klaassen. Daar assisteerde ik

aanvankelijk bij het onderzoek van dr. H. Hoogstraate, die mij

de eerste beginselen van de electronspin-resonantie en de

electron-kern-dubbelresonantie bijbracht. Na mijn doctoraal-

examen experimentele natuurkunde in maart 1973, kwam ik als

wetenschappelijk medewerker in dienst bij de Stichting FOM.

Vanaf 1971 tot 1978 assisteerde ik op het natuurkundig

practicum.
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NAWOORD

Aan het tot stand komen van dit proefschrift hebben vele

medewerkers een bijdrage geleverd. De stimulerende discussies

met prof. dr. N.J. Poulis en dr. W.Th. Wenckebach in alle fasen

van het onderzoek, vormden de noodzakelijke basis voor ds

behaalde resultaten. In de eerste jaren van het onderzoek heeft

drs. A.J.M.G. Spee mij geassisteerd bij de metingen en de

bereiding van de preparaten. Drs. G.J. Blaisse heeft geholpen

bij het uitvoeren van electronspin-resonantiemetingen. De heer

A.M.M. Lelkens voerde in de laatste fase van het onderzoek een

aantal cesiumspin-roosterrelaxatiemetingen en dubbelresonantie-

metingen uit/ waarvan enige resultaten in hoofdstuk 5 vermeld

zijn.

Gedurende de gehele onderzoeksperiode was de technische

assistentie van de heren A.J.J. Kuyt, G. Vis, B. Kret en

J.M. Freeze onontbeerlijk. De heren J.D. Sprong, J.A.Th, van

Schooten en J. de Vink zorgden voor de benodigde hoeveelheden

vloeibaar helium, en de heer R.C.M, van der Heijden voerde de

chemische analyses uit. Mevrouw J.M.L. Tieken verzorgde het

grootste deel van het typewerk van dit manuscript.

De regelmatige discussies met drs. J. Poot waren van

groot belang, zowel wetenschappelijk, als voor het bereiken

van een plezierige werksfeer.

Zonder de toewijding van mijn echtgenote J.A. Fiegee en

het vele door haar verrichte werk was dit proefschrift niet

voltooid.
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